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Preface 


Shortly before World War II, a comprehensive treatment of 
all problems connected with the crystalline state of matter had 
been in contemplation, and_ different writers were approached to 
contribute portions to which their interests and experience ren¬ 
dered them particularly fitted. It was thus that a sketch of the 
different theories of crystal growth, from Bravais, through Curie 
and the “diffusion” school, to Volmer, Kossel, and Stranski (a 
nucleus of the present work), came to be written. Partly on ac¬ 
count of the unsettling conditions of the years immediately prior 
to and during the war, the scheme was set aside temporarily, it 
was hoped, but, as so frequently happens, permanently in effect. 

During these years, I was fortunate to acquire a set of 150 
reprints, all on crystal growth and dissolution, which had be¬ 
longed to the late Professor 0. jMiigge, and a rather greater num¬ 
ber from the surplus stock of Professor M. Polanyi, then of the 
Chemistry Department of Manchester University, on the same 
subject. With these as a nucleus, and as a result of pursuing one 
reference after another, the material grew in such a “snowball” 
fashion that it was quickly realized how much bigger the field 
really was than any individual would ever have guessed. 

So far, although Tertsch, Spangenberg, Gaubert, Seifert, and 
others have made short summaries covering portions of the whole 
outlook, these are necessarily very incomplete, and the only effort 
comparable with the present work is one recently published in 
the Russian language by that able crystallographer A. V. 
Schubnikov. There being no other work in English, the present 
effort is the outcome of a long study (and abstracting) of the 
appropriate literature. An excellent account of work done 
mostly during the past two decades has recently been contributed 

by A. F. Wells to the Annual Repovts oj the Cheinical Society 

• • 
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Vlll 


PREFACE 


(1946), and it is strongly recommended. To anyone attempting 
to explore tiie whole province of crystal growth and dissolution, 
the “snowhall” accumulation of more and more references, al¬ 
ready referred to, and the manner in which its frontiers continu¬ 
ally extend outwards with apparently no limit tend to become 
overwhelming. 

Uith the growing need for large clear crystals of substances 
with special physical properties, such as those to replace the 
piezoelectric quartz or the doubly refracting calcite and the 
various homogeneous alkali halide crystals important for lens 
anrl prism parts and other optical constructions, there has re¬ 
cently been a renewal of interest in this topic which has also 
extended to other directions where an understanding of crystal 
growth and dissolution phenomena may he of use, and this Cin¬ 
derella of the sciences is now being more actively cultivated than 
e\'er in its history. It is sincerely hoped, therefore, that the pres¬ 
ent broad review of the subject will be ot some use to the many 
newcomers now interested in some aspect or another of it. 

A work of this breadth cannot ho[)c to teach the specialist any¬ 
thing about his own particular line. For example, one who is 
already very familiar with the Bridgman method of growing 
metal single-crystal rods or who has grown large clear crystals 
of ammonium phosphate, lithium sulphate, or Rochelle salt, say, 
weighing several pounds, wdll leam nothing from the accounts 
given in Chapter 2. It is hoped, however, that even such may 
deiive a little profit or inspiration from contact with the larger 
whole, of which their work forms a not unimportant part, and 
will look with tolerance on the elementary descriptions of their 
main preoccupations. The interest shown in crystal growth is 
illustrated in the meetings convened in America in 1947 by the 
Alineralogical and Crystallographical Societies and in England 
in April 1949 by the Faraday Society. These do not render the 
need for some general textbook less desirable since they present 
the contributions of a large variety of workers, often famed in 
their particular subjects but entering the crystal-growth world 
for possibly the first time, and results are necessarily rather in¬ 
homogeneous, flitting from one branch to another and back again 
in a manner rendering the whole somewhat indigestible to the 
intellect. The present w'ork, while not dw^elling too much on the 
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past, does at least try to place most topics in their historical set¬ 
ting. Whether the work has succeeded in its ambition and filled 
a long-felt want remains for the readers themselves severally to 
decide, though, as it is the first effort of its type in the English 


language, the present work, or something of a similar nature, is 
urgently needed. Because it is a first effort, it is probable that 
there will be many ways in which improvements can be made, 
and suggestions to this end will not be unwelcome. 

Although the attempt has been made to deal with each line of 
investigation in an ample and impartial manner, it will not be 
lost on the average reader that my chief loves are those described 
in the last three chapters. If these are somewhat extended com¬ 
pared with some others, the reason may be found in the consider¬ 
able number of examples, added to the total volume of work done 
by other workers, derived from my own experience. In Chapter 2 
sufficient detail has been included to enable the reader to under¬ 
stand the main features of the apparatus and the principles in¬ 
volved. If it is desired to build up any particular apparatus, 
full details should be obtained by consulting the original papers 
referred to. In Chapter 1 no lead regarding the validity of the 
conception of the “metastable” region or its physical extent has 
been given. The idea is largely used in the practical work of 
growing crystals, though some have rejected it on the grounds 
that it has no “theoretical basis.” The latter view can at most 
be only partially true, since it is well known that substances are 
more soluble when present in a highly divided condition and such 
an increase would automatically provide some kind of region in 
which crystallization would be deferred for want of a large 
enough particle. Before we can say that this is the only factor 
causing a metastable region, it would.be necessary to compare 
two substances like cobalt nitrate and sodium sulphate, the for¬ 
mer with a very narrow metastable region, the latter extending 
over 30°C (other pairs of salts could be thought of). Does the 
solubility of sodium sulphate increase, as the particle size dimin¬ 
ishes, more rapidly than cobalt nitrate or not? No such experi¬ 
ments have so far been tried. 

The possible physiological aspects of, particularly, the influ¬ 
ence of impurities on (a) the separation of a solid from its 


solution and (6) the habit the crystal adopts on separating 
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should not be overlooked. The manner in which a small mul¬ 
tiple of the amount of impurity needed to produce a significant 
habit change will cause the crystals to form rosettes or “calculi” 
IS mentioned in the appropriate sections. The work of Robert 
Marc on K 2 SO 4 seeds which actually redissolve to a slight extent 
m a supersaturated solution containing Ponceau 2 R (Colour 
Index No. 79) has been corroborated by Miles’s experiments on 
lead salts which can remain indefinitely with 100 % to 300% 
supersaturations in the presence of impurities (Chapter 1 , page 
39). I have had many similar experiences but never one so vivid 
as an experiment conducted while this work has been in the 
press. Using about 8 liters of K 2 SO 4 solution, saturated at 44°C 
and with two large seeds (2 centimeters long) on a rotating 
“spider,” I found that growth was imlubitably taking place on 
the seeds at 41 °C. With an identical solution, saturated at 44°C 
but containing Water Blue 3B (Colour Index No. 707) and two 
similar seeds, growth did not begin at 41°C, but at about 32°C, 
and myriads of thin modified flats grew everywhere including 
many m parallel position on the crystals, which themselves did 
not enlarge. There was only 0.05 gram of dye in the 8 liters. I 
draw attention to this fact so that a start may be made on simi¬ 
lar separations (or inhibitions of separation) in the human body 
with a view to their control. The importance of some such work 
being undertaken is, to me, sufficient justification to dig this one 

aspect out of many from where it lies buried in its context and 
where it could easily be overlooked. 

It will no doubt have been noticed that, although crystal twin¬ 
ning is mentioned from time to time, no special chapter or section 
has been devoted to it in spite of its importance. The reason is 
that mechanical twinning does not come within the scope of the 
present work, and, although growth twins are exceedingly com¬ 
mon (e.g., the lamellar twins of KCIO3 or the “butterflies” or 
triplets of the K 2 SO 4 group of crystals), sufficient data have not 
>et, in my \iew, been accumulated to justify conclusions as to 
the precise processes involved. If the work has achieved no other 
result, it should at least show how extensive and diverse are the 
methods of investigating the separation of a solid phase from a 
solution or melt. 
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The Appendix is intended to be a complete list of reliably 
attested and well-marked habit changes caused by impurities. 
The long lists of references at the end of each chapter should be 
useful because they contain most of the contributions to each 
subject since the 1890’s and, in some chapters, earlier contri¬ 
butions. 

The drawings have been done by myself, with substantial help 
from my son, Mr. S. N. Buckley. Most of the crystal drawings 
have been done from the stereographic or gnomonic projections 
with the rotations suggested by T. V. Barker in his Graphical 
and Tabular Methods (viz., 20° to the left and 13° forward). 
In a few drawings, these values have been departed from. It was 
found with borax that the forward tilt caused the rather impor¬ 
tant {ml planes to appear as lines, so that the tilt angle was 
reduced to zero value. The drawings of Rochelle salt are also 
slightly modified, the tilt angle being increased to 20° to render 
(001) rather more extensive to the view. Some drawings are 
merely sketches, and an experienced eye should detect these. 

I desire to express my grateful thanks to the Bell Telephone 
Company for permission to use several figures and photographs 
of their magnificent crystals of ADP, quartz, and other sub¬ 
stances (these are acknowledged as they appear in the text) and 
for the gift of several of these for lecture and demonstration pur¬ 
poses. If I am permitted to single out individuals, I should ex¬ 
press particular indebtedness to Dr. A. C. Walker and Dr. G. T. 
Kohman of this firm for their active interest and assistance. The 
portion of Chapter 2 dealing with these matters has been very 
much modified as a result of their advice, and the short section 
on artificial quartz crystals wholly re-written for the same reason. 
Figure 29 has been kindly loaned by Professor D. C. Stockbarger 
of the Massachusetts Institute of Technology, and Fig. 126 is 
from a work by myself, the publishers, the Manchester Literary 
and Philosophical Society having kindly consented to its use. 
Thanks are due, too, to Messrs. Peter Spence of Farnworth, 
Widnes, Lancashire, for the gift of many splendid examples of 
the alums, suitable photographs of which I have taken and in¬ 
cluded in the present work. 

A review of this size cannot be completed without borrowing 
deeply from original papers and treatises, and sometimes from 
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tables and figures also. In most cases these have been suitably 
modified to suit my purpose, due acknowledgment has been 
made, and every effort has been made to avoid infringing the 
copyright of anyone. 

I take this opportunity to thank my wife for untiring help in 
the preparation of the manuscript. Without this, the work 
would have been very much delayed or, in view of my other 
commitments, possibly abandoned. 

I owe many thanks to Professor M. J. Buerger of The Massa¬ 
chusetts Institute of Technology for originally suggesting to me 
the idea of compiling a book and for very many favors since. I 
am also indebted to him for permission to use some of his photo- 
graj^hs and figures (acknowledged in the text). Permission to use 
my numerous figures and plates from the Zeitschrift filr Kristal- 
lographie, now unfortunately defunct after three quarters of a 
century of brilliant and pioneering work on behalf of crystallog¬ 
raphy, was granted me before A\'orld Wav II by the editor. Pro¬ 
fessor Paul Niggli of Zurich, to whom I express my deepest 
thanks for this and many other services, I wish also to thank 
Professor F. C. Thompson of the Metallurgy Department of 
Manchester University for encouragement at times when my 
unfitness for the present task towered large over me. This does 
not commit any author to views expressed in the text which are, 
when controversial, entirely my own. 


University of Manchester 
September^ 1950 


H. E. B. 
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The expression “solution” is most commonly used to describe 
the liquid which is the result of dissolving a quantity of a given 
substance in a pure liquid. The pure liquid is, usually, water, 
though most laboratory workers know something of the proper¬ 
ties of alcohol, acetic acid, petroleum, carbon disulphide, ether, 
benzene, carbon tetrachloride, turpentine, and many other liquids. 
Nor is it necessary that the dissolving material should be a 
solid. Water will dissolve alcohol and vice versa. Many ex¬ 
amples of this kind could readily be quoted. It is usually con¬ 
venient (and nothing more) to think of the bulk liquid as the 
“solvent,” of the dissolving substance—solid or liquid—as the 
“solute,” and of the result as a “solution.” If, however, we were 
to restrict these terms to the examples just cited, an enormous 
number of other kinds of solution would be ruled out and our 
handling of the problem would be in the highest degree un¬ 
scientific, for it would exclude the large range of metallic alloys 
and many mineral types. The latter differ from the aqueous 
solution only in the sense that both materials (“solvent” and 
“solute”) are solid at ordinary temperatures and there is no 
longer the need to distinguish between the two terms. In fact, 
as described later, the expert does not do this even with water 
and a salt, except as a convenience. However, the preparation 
of solutions with water as the solvent presents very few of the 
difficulties of the metallurgical and geological processes, and in 
most of the other solvents mentioned precautions against inflam¬ 
mability are about the chief inconvenience as against the use of 

1 
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water. On the one hand, to prepare a solution of, say, potas¬ 
sium sulphate, no particular equipment other than that found in 
any laboratory, however sparsely fitted out, is necessary. To get 
the conditions for immediate crystallization, the solubility of 
the salt for the given temperature must be known; otherwise all 
that is needed is to add the KoSO^ to the water, warm it up, and 
leave it. If the quantity is below a certain value, known as the 
saturation concentration, the salt may be left in the cold water, 
for it will dissolve of itself if given time, without the need for 
warming. On the other hand, it has occurred to few workers to 
test the solubility of water in potassium sulphate (meaning, ob¬ 
viously, the molten salt), and, as the temperature of fusion of 
this and many other salts is well into the hundreds of degrees 
centigrade, at which temperatures water is a vapor above its 
critical temperature, the difficulties involved arc far greater. 
The mixture of salt and water to be tested must be sealed in a 
glass tube, or, if the pressure is very high, in some other suit¬ 
able container and heated to the temperature at which a single 
phase results. As a rule, the economic value of the knowledge to 
be gained from such an investigation is negligible compared with 
that derived from an inquiry into the much simpler problem of 
the solubility of the salt in water. Witli relatively few excep¬ 
tions, therefore, it is found that tlie region of solubility of the 
salt in water has been thoroughly explored while the curve repre¬ 
senting the solubility of water in the molten salt has been passed 
over. On the other hand, in the highly important field of metal¬ 
lurgy the mutual solubilities of both components have been more 
thoroughly explored and curves for the solubilities of each in 
the other worked out, together with such complicating factors 
as allotropic changes at certain temperatures, formation of in- 
termetallic compounds, solubility in the solid, presence of addi¬ 
tional components, and so on. It is not my purpose to deal at 
any length with the latter phenomena. With my more limited 
experience of the practical side and in view of the many excel¬ 
lent volumes treating with metallography it would be imperti¬ 
nent for me to attempt to do so, but the phenomena will be kept 
in mind and drawn upon wherever it is possible to illustrate 
some ^daw” or rule by them. 
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It is of some little importance, then, to impress on the be¬ 
ginner the need for placing the vast field of solution and solu¬ 
bility (in certain solvents such as water! in its proper place in 
the greater scheme, a need pointed out by Guthrie in 1884. Most 
of Guthrie’s work deals with soluble organic salts such as ani¬ 
line nitrate and sulphate, but, later on, he describes experiments 
in which a low melting mixture of PblNOsI^ (46.86%) and 
KNO3 (53.14%) which melts at 207°C is used as a unit (i.e., 
analogous to a single component), with water as the other com¬ 
ponent. He finds that the fusion point of the melt is lowered by 
the presence of small quantities of water. He says (1, p. 112): 

The phenomenon of fusion, per se, is continuous with and nothing 
more than an extreme case of liquefaction by solution. When we are 
considering such a case as where .18 weight of water dissolve 99.82 
weight of salt, we are induced to regard it as a solution of water in 
the fused salt rather than the converse. Hence the question—Is this 
a case of fusion or solution? is to be answered by the reply—It is con¬ 
tinuous with both. 

This standpoint is elementary and self-evident to the host of 
workers who have since Guthrie's day been engaged in explor¬ 
ing the huge fields presented by mineralogy and metallography. 
Yet it is worthy of emphasis to the beginner or to anyone only 
^‘dabbling” on the edge of the field. More recently, a paper by 
Alorey (2) has elaborated the same point. 

Reference to Figs. 1 and 2 provides useful illustrations. By 
working with sealed tubes in which weighed quantities of H-jO 
and KNO3 were contained and heated to the temperatures at 
which the solid phases disappeared, it is possible to plot the ex¬ 
tended solubility curve shown on the right-hand side of Fig. 1. 
At 116°C and with 36.6 molar percentage of KNO3, the sat¬ 
urated solution boils at atmospheric pressure. In the open air 
all water would eventually boil off and leave the solid behind. 
At this temperature and pressure, no greater amount of KNO3 
can form a single phase with water. However, in sealed tubes 
the curve can be followed right up to the melting point of pure 
KNO3 at 334°C. There is actually a break in the curve at 
126° C, but this does not concern the argument here as it is due 
to a polymorphic change in the KNO3 from orthorhombic to 
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rhombohcdral. In Fig. 1, the KNO3-H2O solubility curve, which 
is also the curve representing the lowering of the freezing point 
of KNO3 in the presence of water, extends over the vast propor¬ 
tion of the actual field until it reaches the “eutectic’' point, after 
which there is the rather short left-hand curve representing the 
freezing point of ice in contact with KNO3. Now in Fig. 2 the 
principle appears to be identical, except that now there are the 



Fig. 1. The water-KNOs diagram. Fig. 2. The LiNOa-KNOs diagram. 

(After Morey.) (After Morey.) 

mutual solubilities of two substances neither of which happens 
to be liquid (molten) at ordinary temperatures and neither vola¬ 
tile (viz., LiNO;* and KNO3). The left-hand and right-iiand 
curves are much more like each other in extent. On the right- 
hand curve of Fig. 2, representing the lowering of the melting 
point of KNO3 by the presence in solution of LiNOg (alter¬ 
natively of the mutual solubilities of LiNOg and KNO3 at va¬ 
rious temperatures), a point very close to the pure melting point 
of KNO3 might contain (in solution) 999 parts KNO3 to 1 of 
LiNOg. If it were so desired, at this temperature it could be 
said that 1 part LiNOg could dissolve 999 parts KNO3 instead 
of the more usual outlook of reversing the description. Adhering 
to the usual way of viewing the situation, the left-hand curve 
could be described as of solutions in LiNO.g and the right-hand 
curve as of solutions in KNO3. It is obvious, however, that such 
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terminology is merely a convenience. In a similar way, no dif¬ 
ference in character can be attributed to the left-hand or right- 
hand curves of Fig. 1, although the one, water, is liquid at ordi¬ 
nary temperatures. On the left, ice is the solid phase, on the 
right, KNO3 (e.g., if we heat a mixture of, say, 80% KNO3, the 
last trace of solid will disappear at the temperature given by the 
right-hand curve for this concentration). At a temperature 
slightly below the melting point of pure KXO 3 the liquid phase 
may be found to consist of 999 parts KNO 3 and 1 part H^O. 
There is nothing to prevent describing this as a solution of 999 
parts of KNO3 in 1 part of water, though it is not usual to view 
it this way. The circumstances that LiNOs is non-volatile 
whereas HoO requires pressure to keep it in the system would 
appear to be of secondary importance. 

With these remarks in mind, it is now necessary to point out 
that, so far as the process of growing the purest crystals possible 
is concerned, there is usually only a situation demanding an in¬ 
terpretation of one side of the curve and usually over quite a 
small range of this (e.g., in Fig. 1, the right-hand part of the 
curve, between the eutectic point and 116°C, will cover practi¬ 
cally all requirements where crystals of KNO3 are required and. 
more often than not, the range between 10° and 50°C would 
probably be found ample for most purposes). 

We shall deal principally, though not exclusively, with sys¬ 
tems in which water is one of the components and shall as a rule 
approach them from the angle of so much salt dissolving in 
water at a given temperature rather than as the depression of 
the freezing point of the salt by the presence of so much water. 

Solubility itself, in this sense, covers a wide field, and we 
have all degrees of solubility, taking water as our solvent, from 
substances which will dissolve in their own water of crystalliza¬ 
tion at certain temperatures, down through the limited solu¬ 
bilities of substances like KCIO 4 and CaS 04 through the sup¬ 
posedly insoluble substances like BaS 04 , HgO, and so on, to 
the metals, many of which are for all practical purposes insoluble. 

The solution of a substance with chemical reaction will be 
ignored (e.g., copper in nitric acid and calcium carbonate in 
hydrochloric acid), and in speaking of a “solution” the impres¬ 
sion we usually convey will exclude peptized colloids (e.g., col- 
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loidal gold), however small the particles, though the presence 
of such sols may not deter active crystallization of some other 
substance present. 

PREPARATION OF A SOLUTION 

Little need be said of this process, familiar to all schoolboys, 
except that, for facility, the finer the substance is powdered, 
the quicker it will dissolve. Solutions prepared in industry 
every day use every one of the solvents described on the first 
page (and many others besides), and the conditions for every 
solvent and substance have been the subject of careful experi¬ 
ment. For rapid preparation, stirring or vigorous shaking helps 
to promote a rapid mixing of the solid and liquid components. 
They have no influence on the amount of solid material that a 
given solvent can take in, but this varies from one temperature 
to another so that, if the temperature remains the same, a time 
will arrive when the solution is completely saturated for this 
temperature. Tables of solubilities are a common feature of 
books of reference (e.g., Handbook of Chemistry and Physics^ 
Chemical Rubber Publishing Co., Cleveland, Ohio; also excel¬ 
lent, Comey and Hahn, Dictionary of Chemical Solubilities, The 
Macmillan Co., 1921). The only way to get the solution to 
hold more solid is to raise the temperature until, at a given 
higher degree, another saturation value will be reached. It will 
be seen then that the saturation of a given solvent by a solid 
(the solute) cannot be represented by a single value, but by a 
series of values which can be plotted on a curve with the tem¬ 
peratures as ordinates and the concentrations of solute as 
abscissae. For every given solvent, such a succession of points 
can be plotted for every substance soluble in it; the curves are 
often referred to as “solubility” curves or curves of “saturation.” 
It might be objected at this point that this is not the only way 
to get a saturated from a less saturated solution, for, surely, all 
we need to do is to abstract some of the solvent, w^hich can be 
done at a constant temperature when the latter is volatile, as is 
the case with the majority of those in use. Abstraction of sol¬ 
vent will, obviously enough, cause a strengthening of the pro¬ 
portion of solute to solvent, and a time must come when the 
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point corresponding to the exact saturation-concentration is 
reached. But, whereas we can control the process when we are 
adding solute and shaking and can gradually build up a state 
of exact saturation, there is no control if we abstract solvent 
by evaporation, since, once the solution has reached this exact 
value, there being no solid present, there is nothing to indicate 
when it is just attained, and the process of solvent abstraction 
will continue until the solution possesses more solute dissolved 
in it than is represented by the point on the solubility curve— 
and still solid will not separate. 

This question of solubility and supersolubility is an important 
one, for the state of supersolubility can also be attained by cool¬ 
ing a solution, saturated at a given higher temperature, to the 
required lower temperature. Aluch attention has been devoted 
to this problem, and the next section will be given over to it. 

SOLUBILITY AND SUPERSOLUBILITY 

It was known to the early crystallographers that a crystal 
would not develop in a just-saturated solution, and Lehmann 
in his Molekularphysik speaks 
of supersaturation and employs 
the idea to explain many of the 
weird growth phenomena so 
fully described therein. It is 
not proposed to deal with the 
subject “historically,” but the 
terms “metastable” and “la¬ 
bile” appear to have been first 
put forward by Ostwald (3) 
and were given considerable 
support in particular by the 
work of Aliers and his school 
of co-workers. The following 
introduction to the subject is 
based therefore upon some of the numerous works of Aliers. 
Figure 3 is constructed from the data in Table 1, which is to be 
found in a paper by Miers and Miss F. Isaac on the refractive 
indices of a crystallizing solution (4). Solutions of various 



1.389 1.390 1.391 1.392 1.393 1.394 

Refractive index 


Fig. 3. Change of refractive index 
with fall in temperature of NaNO.s. 

(After Miers.) 
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TABLE 1 

Change of m with Fall in Temperature of NaNOs Solution 

(Miers and Isaac, 4, “The Refractive Indices of Crystallising Solution,^* 

p. 440, Experiment 19, with 53.1% NaNOs) 


r°c 

^-(solution) 

r°c 

; 2 -(solut!on) 

58.5 

1.389709 

36.0 

1.391663 

54.0 

1.391148 

35.5 

1.391404 

50.5 

1.392277 

34.5 

1.391045 

47.55 

1.392430 

31.5 

1.390634 

45.5 

1.392690 

29.0 

1.390328 

43.5 

1.393204 

26.95 

1.390120 

40.45 

1.393459 

25.45 

1.390015 

36.5 

1.393712 

22.4 

1-389709 

36.5 

1.392690 

19.4 

1.389503 


strengths of sodium nitrate in water were prepared and heated 
to a temperature which represented a state of unsaturation. By 
using the “Miers” Inverted Goniometer and suspending a crown 
glass prism in the warm solution, the refractive index of the lat¬ 
ter could readily be ascertained by the total reflection method. 
It is seen that on cooling from just below 60°C the index value 
rises steadily until at about 50° there is a slight change in direc¬ 
tion of the curve (index increasing less rapidly with cooling) ; this 
change is explained by Miers as due to the appearance of a num¬ 
ber of crystal seeds at the surface of the solution which was open 
to the atmosphere. They have only a minor influence, however, 
but, on still further cooling, a point appears iietween 30° and 
40° at which a dense cloud of tiny crystals forms, and this has 
a marked influence on the value of the index, as seen in the long 
horizontal part of the curve from about 1.394 to 1.391 with no 
change in temperature. The index was traced to almut 19°C 
when its value was below 1.390 and approaching constancy. 
Miers found this to occur also with NaClOs and, in fact, with 
all aqueous solutions tested. 

The matter becomes more obvious from Fig. 4, in which a 
succession of curves representing separate coolings of solutions 
of various concentrations are superimposed to show how they 
all approximate the same type. The solution as first installed 
in the apparatus has a temperature and concentration indicated 
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by one of the points marked by an encircled cross. Cooling, we 
get in each case an approximately vertical line which crosses the 
solid line marked “solubility curve"' witliout anything happening. 
This solubility line represents equilibrium conditions for the salt 
in contact with water at various temperatures, and any point 



Fig. 4. Cooling curves for NaNOs and the metastable region. (After 

Miers.) 

on it can be arrived at by vigorous shaking of excess powdered 
crystals with water over a period of time. It will be seen that 
in all cases the temperature falls considerably below the solu¬ 
bility curve before any crystallization (indicated by a sharp turn 
to the right in the direction of lower concentration) takes place. 
As shown, another line, the supersolubility curve, exists at some 
distance below the first, though not always so well defined. 

To explain more clearly the viewpoint of Miers, let us turn 
to Fig. 5. A represents a point in the region of unsaturation 
which, if undisturbed, would remain as a single phase indefi¬ 
nitely. A crystal placed in such a solution would dissolve. 
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There are two ways in which we can bring a solution repre¬ 
sented by the temperature and concentration of A to the equi¬ 
librium “saturation” condition. First, by lowering the tempera¬ 
ture to the point B or, second, by evaporating off some of the 
water at constant temperature, when the conditions of point B' 
will be reached. In many cases of crystallization in the labora¬ 
tory, neither of these processes is strictly carried out, as evapo¬ 
ration may be allowed at the same time as the temperature is 

lowered. With either solution, 
at B or B', a crystal could 
remain indefinitely without 
growth or dissolution taking 
place. Theoretically any fur¬ 
ther cooling below point B or 
withdrawal of solvent beyond 
point B' ought to result in the 
separation of solid (i.e., crys¬ 
tallization), but it is a matter 
of common experience that this 
never occurs, though growth 
will take place on crystals al¬ 
ready there. Further cooling 
will bring us to a point C, 
where the slightest shock or disturbance will bring about imme¬ 
diate crystallization. The moment this occurs, the heat of solidi¬ 
fication will prevent any further substantial drop in temperature 
until the crystals have gathered to themselves most of the avail¬ 
able excess represented by the distance from the equilibrium 
curve. As shown in Fig. 4 the solutions approach this, though 
it would take an inconveniently long time before coincidence 
occurred. With any substances, particularly the more soluble 
ones, like NaClOa, hypo (Na2S20.3*5H20), and sodium acetate, 
the lower (supersolubility) curve may even be penetrated some 
distance (e.g., to a point corresponding with the conditions at D). 
A slight disturbance or seeding with a few small crystals will 
cause the solution to crystallize with great rapidity, much heat 
of solidification being given off and accompanied by a notable 
rise in temperature. Theoretically the further this region, called 
by Ostwald “labile,” is penetrated, the more and more unstable 



Fig. 5. Division of the solubility 
field according to Miers. 
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it becomes and the greater is the tendency to crystallize. To be 
placed against this consideration, however, is the possibility of 
a big increase in the viscosity of the solution which in time might 
overrule the urge to crystallize. The sudden cooling of sub¬ 
stances possessing long, complex molecules can thus readily cause 
the formation of viscous liquids in which crystallization can no 
longer occur, even with further cooling, and glassy materials are 
the result. We have not yet explored the possibilities of the line 
AB'C\ which represents withdrawal of solvent. As stated, 
nothing will happen to the solution at B', but on evaporation to 
jioint C' crystallization will spontaneously occur. It is unlikely, 
however, that much penetration into the labile region can occur 
by this method, as the evaporation must take place at the surface 
and it is more than likely that the whole of the solution will not 
I)e at the point represented by C' at one and the same time. 
What is most likely is that some small portion on the surface 
will reach C' while most of the solution is on the line B'C'. Seeds 
will form at these points and will “seed” the metastable solution 
below so that the hulk will never reach the concentration C'. 
This is actually what happens with the majority of crystal¬ 
lizations at constant temperature when evaporation is relied 
upon. 

Withdrawal of solvent by evaporation is not the only method, 
however. When a solution is approaching saturation, frequently 
the addition of another substance which dissolves readily in the 
solvent will cause a gradual abstraction of the latter from the 
first solute and cause precipitation of this. For instance, the 
addition of paraffin wax to a solution of sulphur in carbon disul¬ 
phide will cause the separation of sulphur crystals, whereas the 
addition of sulphur to a paraffin wax solution in the same sol¬ 
vent will cause the separation of the wax in needles. Then, 
again, the addition of alcohol to a just-saturated solution of 
most inorganic salts will cause a shower of small crystals of the 
salt. It occurred to Miers to ascertain if a supersolubility curve 
extending over the full extent of a complete phase diagram, and 
not just over a small region of one curve, could be plotted (5). 
To this end, the two substances, salol or phenyl salicylate, 
melting at 42and betol, ^-naphthol salicylate, melting at 
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92°C, were chosen as being mutually soluble in the liquid but 
insoluble in the solid. Their results follow the lines of Fig. 6. 
There is an upper typical curve, the left end representing the 
depression of the freezing point of betol by addition of salol, 
the right one that of salol by betol. At E, the eutectic, the 
crystals of both salol and betol should coexist with the solution 
of the given concentration, Miers found throughout that there 
was a supersolubility curve running, roughly parallel, below the 



first with the left-hand and right-hand portions meeting in a 
point H which he called the “hypertectic point.” Aliers con¬ 
cluded that, for a knowledge of what actually occurs during the 
crystallization of a binary mixture, a consideration of the super¬ 
solubility curve is equally necessary with that of the freezing- 
point curve, unless supersaturation be prevented by mechanical 
agitation and by inoculation with both constituents. Thus the 
pure betol will not separate at its true melting point but will 
“supercool” to S, while salol will correspondingly supercool from 
m to s (right-hand side). A mixture of composition x will fol¬ 
low the lines ah/, as explained in Fig. 5 for NaNOa, only this 
time salol could be regarded as the solvent. Such a mixture 
may have four freezing points [viz., points a and c for the two 
substances by (separate) inoculation and b and d by spon¬ 
taneous crystallization], A so-called “eutectic” mixture, repre¬ 
sented by composition Ej will form only if inoculated by both 
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kinds of seed at the appropriate moment. Otherwise the mix¬ 
ture will supercool with respect to both components, and, since 
in general the junction of the two supersolubility curves—the 
hypertectic point H —is not directly below E, the mixture will 
reach a line on one side of i/ (in this case to the right) and, 
as salol will be in a labile condition, crystals of salol will begin 
to separate and not the eutectic mixture, not even the hyper¬ 
tectic mixture, Miers found for salol and betol that crystalli¬ 
zation of the eutectic composition, without stirring or inocula¬ 
tion, never yielded a eutectic mixture but large plates of salol 
with, later, grown fibers of betol. The mixture of the hyper¬ 
tectic composition invariably led to a typical “eutectic” mix¬ 
ture. Hallimond (6), too, has explained the relationships of 
ferrite, cernentite, and the various formations during the cooling 
of iron along very similar lines. 

It will have been seen in Fig. 6 that the two pure substances 
crystallize from the melt at a temperature distinctly below the 
melting point arrived at by carefully heating the solid. This 
condition exists for most substances which crystallize from this 
molten condition (e.g., salol and betol above) and is referred to 
as “supercooling.” It is analogous to the supersaturation already 
described for solutions. The degree of supercooling does, indeed, 
vary considerably from substance to substance. With stirred 
water (7) it has the low value of 0.4° to 0.5°C, and with quies¬ 
cent water 5.7°C (8). Two extremes are given by Co(N 03 ) 2 , 
which has scarcely any appreciable supersolubility (9), and 
NaoSOs *71120, with one of 30°C (10). Most metals also show 
some supercooling to a lesser or greater extent. 

The existence of supercooling (often called undercooling) and 
of supersaturation is evidently bound up with the facility with 
which seed crystals can develop spontaneously, or to what extent 
a solution or melt is exposed to or protected from the fortuitous 
arrival of suitable seeds at a time when it is ripe for their pres¬ 
ence, or with the presence or entry of any other kind of particles 
which may lead to the growth of nuclei on which the urge to 
deposit can be spent. It would appear certain that, the freer 
the liquid is from solid particles of any kind and from the pos¬ 
sible arrival of these from the surroundings, the greater the 
likelihood of supercooling. 
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Investigations have shown that suitable colloid particles of 
the appropriate size may frequently deputize for seed grains of 
the crystallizing substance (11), and, if these are present, growth 
will occur in the metastable region without any great super¬ 
cooling. This may possibly be one of the reasons for the dis¬ 
crepancies among authors on this topic. That when great care 
is taken to exclude extraneous particles of every kind a con¬ 
siderably higher degree of supercooling is possible has been 
shown recently by the work of Alcyer and Pfaff (12) on salol, 
thymol, benzophenone, o- and m-cresols, acetophenone, piper- 
onal, and guaiacol (all noted supercoolers). They found that, 
after careful removal of solid particles and precautions against 
their reintroduction, these substances showed no tendency to 
crystallize and frequently passed into a glassy form. Rix (13) 
also found that foreign particles seemed to have a determining 
influence on the formation of seeds on cooling. Of the large 
number of foreign particles, only a few (about \%) were effec¬ 
tive. This number, he found, could be increased by an electric 
field of 1500 volts, an observation supported by Samuracas (14). 
In the absence of these particles, considerable undercooling for 
indefinite periods is possible. In many cases, it is well known 
that previous heating to a temperature well in excess of tiie 
melting point appears to have the effect of destroying the 
effectiveness of these potential nuclei, for greater supercooling 
is usually then possible. The conditions governing the formation 
of true crystal seeds, bound up with the question of the variation 
of solubility with size of particles, will be discussed in the next 
section. In the meantime, the views of other workers who oppose 
the idea of “metastability” will be reviewed. 

The conflict has possibly arisen owing to a too-rigid inter¬ 
pretation of the term “metastable” used to designate the area 
in the diagram lying between the solubility curve, accepted by 
all, and the supersolubility curve, usually drawn as a narrow 
line but more likely to be far less defined than the first named. 
At points just inside the solubility line and, in fact, for a good 
part of the way toward the supersolubility line, crystallization 

without seeding is never encountered with pure, particle-free 
samples. 
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The works of the various authors just described, on the influ¬ 
ence of foreign particles on crystallization, also makes it difficult 
to be dogmatic. 

A principal critic of the Ostwald supersolubility curve is 
de Coppet (15), who experimented with the various hydrates 
of sodium sulphate and with NaBr*2HjO and salol. 

de Coppet concluded that the “time” necessary for spontane¬ 
ous crystallization of a supercooled liquid or a supersaturated 
solution is on an average, all other factors being alike, the 
shorter, the lower the temperature; also, in the case of solutions, 
the more concentrated the latter. It is also inversely propor¬ 
tional to tlie mass of the solution or melt. His main objection 
is to the suddenness of the change in properties of a solution 
represented by a line, tliough he admits that the probability of 
crystallization gets smaller and smaller until it becomes practi¬ 
cally non-existent before approaching the true solubility curves. 
Incidentally he develops an argument (15, p. 464) based on 
probability which in certain cases allows quite an abrupt change 
from the labile to the metastable fields. But he considers that 
the substances most likely to supercool or supersaturate are those 
in which polymorphic changes are possible. In his experience, 
the stage described in Aliers' works as marking the labile-meta¬ 
stable boundary (viz., the development of a copious shower of 
small crystals) is itself well inside the labile region (i.e., before 
this stage of concentration is reached, spontaneous formation of 
seeds is possible). This, of course, would simply narrow the 
metastable region, de Coppet gives numerous tables showing 
how various weights of material, heated to specified tempera¬ 
tures and cooled, remain supercooled for varying periods of time. 
There is no absolute regularity, though it would appear that 
largo masses develop seeds and crystallize more readily than 
small ones under otherwise identical conditions. Periods from 
minutes up to years of duration are recorded. 

Table 2 is typical. The relationship of duration to tempera¬ 
ture seems obvious in these figures. Those cooled to 5°C in¬ 
variably crystallize rapidly. At the higher temperatures, long 
periods of time are needed before the appropriate conditions 
arise. Dependence on probability is also shown in the earlier 
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TABLE 2 

Supersaturation in Large and Small Tubes 


(A solution of Na2S04-71120, saturated at 19.3 °C) 
(de Coppet, 15, Table 13, p. 506) 


Minimum 

Temperature, 

°C 

Duration of Supersaturation in Days 

Large tubes 

Small tubes 

Average 

5- 5.9 

<1 

<1 

<1 

6- 6.9 

<1 

<1 

<1 

7- 7.9 

<1 

1 

1 

8- 8.9 

<1 

1.1 

1 

9- 9.9 

1.1 

1.3 

1.2 

10-10.9 

2.1 

3.5 

2.6 

11-11.9 

7.8 

29.1 

12.3 

12-12.9 

24.2 

157.5 

42.0 


crystallization of the larger vessels. In the table, the nearest 
approach to the solubility curve is about 6^4 

So far as the undercooling of melts is concerned, the work 
of Tammann (16, 17) has an important bearing on the problem. 
From a wide series of experiments, Tammann concludes that 
the behavior of an undercooied melt can best be represented by 
some such curve as A, etc., in Fig. 7. The gap between tlie 
melting point and the point where seeds first form is one which 
might be considered the metastable region, but Tammann finds 
many substances which virtually have no supercooling or in 
which supercooling persists only a short time. With further 
cooling, there is a rapid increase in the tendency toward seed 
formation until a maximum is reached, following which, owing 
to the increasing influence of viscosity on further cooling, the 
curve shows a downward tendency until, at another value of 
supercooling, the tendency to produce seeds becomes vanishingly 
small once more. He points out one possible source of error 
which can easily create the impression of a greater degree of 
supercooling in experiments of short duration (viz., the difficulty 
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of seeing the seeds when first formed on account of their minute 
size). To render them visible he makes use of a second variable 
property (viz., that of crystallization velocity—linear crys¬ 


tallization velocity) with 
temperature. A glance at 
Fig. 8 will show that there 
is a certain degree of under¬ 
cooling at which this also is 
a maximum. In investigat¬ 
ing the number of seeds 
formed at a certain tem¬ 
perature, therefore, Tam- 
mann cools the melt to the 
experimental temperature 
for a few minutes and then 
raises it to the temperature 
of optimum linear growth, 
when the crystals fairly 
' quickly become visible and 
can be counted. In Fig. 7, 
curve A, which is typical, 
is for molten piperine; B, 
C, and D all refer to betol. 


A = piperine C = betol + 5% benzamide 
B = betol D = betol + napthaline 

f 



100 80 60 40 20 0 -20 

Temperature, *C 


Fig. 7. Undercooling and seed for¬ 
mation. (After Tammann.) 


B is the curve for pure betol. The influence of impurities on 
the number of grains formed at various degrees of supercooling 
is shown in C, where a tremendous impetus is given to the 



Undercooling 


Fig. 8. Crystallization velocity 
with undercooling. (After Tam¬ 
mann.) 


process, and in D, where the im¬ 
purity increases the supercool¬ 
ing and shifts the position of 
maximum seed formation. In 
this connection, Tammann men¬ 
tions that the presence of pow¬ 
dered glass seems to inhibit 
altogether the formation of seeds 
with betol melts, although quartz 
and emery powders have an ac¬ 
celerating effect. In his States 


of Aggregation (17, p. 231), he mentions that, of 153 substances 
tested, 14% supercooled only to the extent of 10°C for a few 
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seconds, 35% supercooled 10° to 20°C for a few seconds, 15% 

up to 20°C for over a minute, and 38% could be obtained in 
the glassy state. 

Metals did not supercool greatly though iron and nickel could 
be obtained ^^ith 100°C of supercooling. Tainmann was con¬ 
vinced by his data of the non-existence of a metastable state of 
supersaturation or supercooling. He has pointed out the great 
influence exercised by impurities on the extent and character of 
seed formation, and it is possible that impurities account for 
many of the i)oints of difference between Tammann and later 
workers. Bridgman, for instance (18, 19), was unable to find 
any upper limit to tlie influence pressure lias on the melting 
lioint of a substance, though Tammann found one for NasSOj. 
Others (201 have criticized many of Tammann’s views on various 
grounds, but they remain a monument to the industry and skill 
of their author. Excellent translations into the English lan¬ 
guage render it less excusable for those interested in these prob¬ 
lems to miss the author’s own presentation. 

Hai'tiey, Jones, and Hutchinson (7) criticize the work of 
de Coppet on the grounds that the sodium sulphate results were 
obtained for concentrations covering an insufficient range (viz., 
39.9 to 43.6 grams of anhydrous salt to each 100 grams of water). 
They repeated the results over a wide range for sodium sulphate 
and took the precautions, omitted by de Coppet, of vigorous 
shaking with neutral hard objects (e.g., platinum tetrahedra, 
garnets, and so on), a practice apparently yielding more con¬ 
sistent results. However, they do not rule out the possibility 
that, if left sufficiently long (e.g., many years), the chances of 
conditions arising suitable for nucleus formation might be 
allowed, though they fail to see how this detracts from tlie 
practical significance of the supersolubility curve. One of these 
authors (9) also examined the supersolubilities of the chlorides 
of potassium, rubidium, and cesium and decided that the extent 
of the metastable regions in each varied in a “periodic law” 
manner. 

The observation of Marc (21) that KiiS 04 crystallizes from 
solution with a velocity proportional to the square of the super¬ 
saturation would appear to approach closer to the Miers than 
to the Tammann viewpoint, though satisfactory to neither. 
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The most serious objections to metastability were those arising 
from the work of Young and his co-workers (8, 22, 231. Y’oung 
was first attracted to the idea of the non-existence of a “meta- 
stable” region through noting that a platinum stirrer caused 
crystallization with much less supercooling tlian did a glass one, 
while a copper one was even more effective. In each case, there 



Fig. 9. Young’s friction Fig. 10. Young’s 

arrangement. percussion arrange¬ 

ment. 

was friction between the metal of the stirrer and the Beckmann 
thermometer. Young fixed up an arrangement something like 
Fig. 9. A rod A bears in two conical seatings B (in liquid) and 
C, the latter on the lower side of a lever weighted at D. A pul¬ 
ley E rotates and creates the necessary friction. At first, diffi¬ 
culties were created by the smoothing of the rubbing surfaces 
and the lessening of the influence on the supercooling. He con¬ 
sidered the effect, therefore, to be due to the succession of bumps 
rather than to any theoretical conception of friction and pro¬ 
ceeded to modify the apparatus so that impacts only were pro¬ 
duced. In Fig. 10, the rod A is cemented to a cell containing 
any desired quantity of mercury, and at the other end there is 
a facility for changing the impacting piece A so that various 
materials can be used. Similarly the “anvil” B can be varied. 
A motor mechanism allows the rapid raising and releasing of 



20 


SOLUTION, SOLUBILITY, AND SUPERSOLUBILITY 


the dropper. The continued use of soft or brittle metals caused 
discrepancies, and tool steel was found to be by far the most 
suitable impacting solid. Table 3 gives one experiment of 
Young’s in which calcium chloride hexahydrate was the salt. 


TABLE 3 

Effect of Impact on the Supersaturation of CaCb-OHaO 

(Young, 22) 

Length of drop 1 cm 1 cm 5 cm 

Weight 40 grams 100 grams 100 grams 

Average result of 

supercooling 8.4° 2.4° 2.1° 

In his own words, 

... it seems no longer necessary or even justifiable to assume the 
existence of a metastable limit in the generally accepted sense, nor 
does it seem desirable to distinguish between a metastable and labile 
field in the de Coppet sense. The whole unstable field is labile and 
crystallisation may be brought about in any portion of it by the pro¬ 
duction of sufficient mechanical shocks. In many cases, the shock 
required may be enormous, even in very considerably supercooled sys¬ 
tems. Thus, a solution of sodium sulphate may supercool 18°C under 
the influence of such shocks as would allow no measurable supercooling 
with water. 


The apparatus was later improved (23) and rendered more deli¬ 
cate so that the supercooling of water could be reduced to 
0.02°C by a 37-gram weight dropping a distance of 11 milli¬ 
meters. He also considered (8) that the “inoculation” of meta¬ 
stable solutions or melts by small particles was really due to 
the impacts between the particles. In this connection, gamboge 
was useless, starch variable, and powdered quartz best of all. 
The effectiveness of the latter increased up to about 2000 per 
cubic centimeter, after which no further addition caused any 
improvement. Viscosity tended to cushion the effect of these 
particles. The Earl of Berkeley (24) also conducted experi¬ 
ments on similar lines. A tube-shaking device enabled a solu¬ 
tion of cane sugar to crystallize at 6.5°C below the normal solu¬ 
bility curve when the vibration was about 700 per minute and 
an inch length of brass rod was included in it. A modification 
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of Young’s arrangement in which a powerful spring supplies the 
power behind the descending impact rod was used to produce 
pressures up to 20,000 atmospheres. With 40 impacts of this 
intensity, cane sugar could be brought to crystallize just witliin 
3°C of its solubility curve. He considered that waves of com¬ 
pression and rarefaction pass out from the point of impact 
throughout the liquid and have a determining influence on tlic 
many local aggregations which themselves are incapable of 
producing the stimulus. This raises a point whicli has been 
neglected so far, though it is well enough known to all scientific 
workers (viz., the alteration of the freezing point of a substance 
by pressure, a familiar example being the regelation of ice). 
Bridgman has considerably enlarged our knowledge in this direc¬ 
tion in a series of papers (18, 19) on the change of phase under 
pressure. Table 4 is taken from different papers by this author, 
the curves being shown in Fig. 11. 


TABLE 4 

Influence of Pressure on the Melting Point 


(Bridgman, 9) 



Melting Points for Various Substances, °C 

pressure, 








atm 









1 

Na 

K 

Bi 

Benzene 

Aniline 

Nitro¬ 

Bromo- 







benzene 

form 

1 

97.6 

62.5 

271.0 

5.4 

1 

-6.4 

5.6 

7.78 

1,000 

105.9 

78.7 

267.5 

32.5 

13.1 

27.2 

31.5 

2,000 

114.2 

92.4 

263.8 

56.5 

31.6 

48.1 

53.8 

3,000 

121.9 

104.7 

260.0 

77,7 

48.7 , 

68.3 

74.9 

4,000 

129.1 

115.8 

256.0 

96.6 

64.5 i 

87.6 

94.7 

5,000 

135.8 

1 

126.0 

251.9 

114.6 

79.0 ! 

105.5 

113.3 

6,000 

142.5 

135.4 

247.6 

131.2 

93.2 

122.3 

130.8 

7,000 

148.9 

144.1 

243.2 

147.2 

106.5 

138.1 

147.3 

8,000 

154.8 

152,5 

238.6 

162.2 

119.1 

153.8 

163.2 

9,000 

161.0 

160.1 

233.8 

176.7 

133.5 

169.3 

178.7 

10,000 

166.7 

167.0 

1 

228.8 

190.5 

143.2 

184.5 

194.0 

11,000 

172.2 

173.6 1 

223.6 

204.2 

154.7 

198.6 

209.1 

12,000 

177.2 

179.6 

218.3 

• • • 

165.3 

♦ « « 

« ♦ ♦ 
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0 2 4 6 8 10 12 

Pressure, 10^ atmospheres 

Fig. 11. Influence of pressure on melting point. (After Bridgman.) 


Bridgman has shown this alteration with large pressures to 
be a universal phenomenon, the alterations, too, being substan¬ 
tial, though the pressures normally found in the practical growth 
of crystals in industry and in the laboratory are usually insuffi¬ 
cient to exercise any appreciable influence on the melting points 
of the substances used. This is, of course, all in accordance 
, with the well-known principle of Le Chatelier whereby it is to 
be expected that a substance whose volume in the melt at the 
melting point is greater than in the solid state would tend to 
remain solid at a temperature higher than this provided sufficient 
pressure were applied. 

Most substances behave in this manner^ though water and 
bismuth do just the opposite. The same kind of influence is 
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also exerted over systems of more than one component, and the 
solubility of one component in the fused second component (and 
vice versa) may be modified by pressure. AVhere volatile com¬ 
ponents are required to be kept in the system (e.g., HoO at high 
temperatures), pressure is essential. Otherwise it is in the for¬ 
mation of rocks under the various conditions studied by petrolo- 
gists where the influence of pressure is most noticeable. 

A recent example of a substance being more soluble in water 
at a high pressure is given in an observation by Prider (25) 
that large crystals of gypsum 1 to inches long were found 
after a gold mine flooded for 30 years was pumped out. They 
occurred on the newly exposed walls and not on the old levels 
below water and had evidently been formed by the separation 
of gypsum on the release of pressure as the “head” of water 
diminished. Many other cases are known, and use is, and has 
been, made of the phenomenon both in solvent action and in 
the preparation of difficultly soluble crystals (see Chapter 2). 
The case of bismuth, as of ice, is one in which a sudden increase 
of local pressure would lessen the urge to solidify, whereas with 
benzophenone the urge would increase. A sudden rarefaction, 
on the other hand, might show some tendency in the opposite 
sense. Before the subject of solubility and its relation to par¬ 
ticle size is discussed, an objection raised by Ostwald to the 
idea that the formation of seeds of suitable size is due solely 
to statistical collisions of the right kind and number should be 
mentioned. Ostwald points out that, if this were the case, the 
sparingly soluble salts should have much less opportunity for 
favorable collisions than the very soluble salts and therefore 
ought to exhibit a greater tendency to supersaturate, whereas 
the reverse is found to be the case. 

SOLUBILITY AND PARTICLE SIZE 

The first person to make a serious study of the question of 
the dependence of solubility on the size of crystal grains present 
was Hulett (26, 27), who worked on barium sulphate, mercuric 
oxide, and (especially) gypsum. By fine powdering, he was 
able to produce temporary concentrations well in excess of the 
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normal solubility. For instance, by precipitating from iY/20 
BaCU by means of H 2 SO 4 , decanting and washing, he obtained 
particles which varied from 1.8 to 8 microns. An immediate 
concentration of 4.6 milligrams per liter was obtained which 
diminished as follows: 

After 5 min 3.67 mg per liter 

After 40 min 3.15 mg per liter 

After 24 hr 2.89 mg per liter 

The obvious interpretation is that the powder consisted of a 
wide variety of sizes, and, the tiniest particles being more soluble 
than the larger, the former dissolve at once; after this the tem¬ 
porary supersolubility is relieved by deposition on the available 
large particles. This picture was also put forward by Ostwald 
( 3 ) to explain the coarsening of crystals in contact with their 
“saturated” solution. With mercuric oxide, Hulett found a 
threefold rise in solubility with diminishing particle size (viz., 
50 to 150 milligrams per liter). His experiments on gypsum 
achieved greatest attention and were repeated by Dundon and 
Mack (below). Before attending to the views of the latter, it 
is worthy of note that Hulett aho sealed gypsum crystals at 
constant temperature with their own saturated solution and 
kept them, with shaking, for a month without any change taking 
place, as might be expected if any type of face were more 
soluble under the same conditions than any other. 

Most of the various workers who have dealt with solubility and 
particle size have based their reasoning on an early evolved expres¬ 
sion of Ostwald (3). This is worked out on page 503 of (3), dealing 
with the solubility and surface energy of mercuric oxide. Taking 
r as the radius of a spherical particle and </> as its molecular volume 
(from the molecular weight in solution) the volume of the particle 
is 4 / 37 rr^ and the number in a gram molecule is 30 / 47 rr^. The 
surface of each grain being 47 rr^ and the total surface o (— ober- 
fldche) for a gram molecule, then o — 3<f>/r, If there are two 
particles of radii ri and r 2 and whose corresponding solubilities 
are ci and C 2 , then the isothermal osmotic work done, RT In (C 2 /C 1 ) 
is equal to the change in surface energy, which is the product of 
the change in the surface area, 3<^[(l/ri) — (l/r 2 )l, and the solid- 
liquid surface tension y. That is, 
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The actual surface of a collection of polyhcdra will be greater 
than the value based upon the assumption of spheres. This 
expression was later critically examined by Freundlich (28), 
who substituted the value 2 for 3 in it. In his view, Ostwald 
erred in that he calculated the amount of work gained in trans¬ 
forming a quantity of particles of radius ri into the same mass 
of particles of radius ?*:>, whereas a more accurate result is 
obtained by calculating the work gained if a small quantity of 
the first is abstracted and added to the second. Freundlich’s 
expression is the familiar one: 


RT S 2 2a 

— In — = — 

M S p 

p being the density and a the surface tension solid/liquid, S 2 and 
Si are the solubilities. When the radius of the larger particles is 
very big, Si becomes the normal solubility S*, and the expression 
reads 

RT Sr 2a 

-In — = — 

M Sx pT 

The theoretical solubilities of gypsum for particle sizes from 
V 2 to 50 microns and for temperatures between 0° and lOO^C 
were calculated by Marian Jones and J. R. Partington (29). 
With the gas constant R taken as 8.315 X 10^ ergs per 1°, M as 
136 (for CaS 04 ), p as 2.33, and surface tension o- as 1050 ergs 
per square centimeter at 25°C, the formula above becomes 



, ^ ^ ^ 0.4343(2 X 136 X 1050) 1 

log Sr - logSoo = -;- 

8.315 X 10^ X 2.33 rT 

The small amount of available data on gypsum appears to 
fit well into the curve drawn for the particle size r = 1 x /a, but 
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the utility of such tables would be better judged if more experi¬ 
mental data were available. The Freundlich expression is based 
upon certain assumptions (e.g., that the particles are spherical— 
at least the order of magnitude would be preserved were this 
not so—that the solution obeys the gas laws—only strictly 
applicable to dilute solutions—and that p and o- are independent 
of size of particle). It is invalidated if there is much ionic dis¬ 
sociation, 

W. J. Jones (30) sought a more rigid formula which would 
incorporate the effects of ionization. He borrows an expression 
from Storch (31) which has been found to apply for strong 
electrolytes in describing the relations between ionization and 
dilution: 



Here k and m are constants, a is the degree of ionization, and 
V the dilution. (Jones gives y for a in his paper.) The expres¬ 
sion has been found applicable between 0° and 360°C, and m for 
a number of salts has a fairly constant value (1.36 to 1.55) for 
binary, ternary, and even higher degrees of ionization. 

Jones combines it with the Freundlich relation to get 


2<t 

P 




l)(ai — a2) 








He applies this to the data of gypsum given by Hulett, but the 
connections between particle size and solubility are not given 
in his tables, stress being laid on surface energy. This omission 
was supplied by Dundon and Mack (32) who reviewed Jones’s 
work, concluding that, while rigid, the formula was unwieldy in 
that it expressed concentrations in terms of the dissociation a and 
the Storch constant m, and furthermore, that as small changes 
in dissociation correspond with large changes in concentration, 
small errors in the former are serious. They recommence with 
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the Frcundlich expression; if the dissociation is assumed to be 
constant during the process this bect)mes 

RT S 2 2a / 1 1\ 

(1 - a + «a) — In — = — (-) 

HI Si 

They find that values obtained from the above approximate 
closely those derived from Jones’s equation. In actual practice, 
ri represents the large crystals and ^ 00 . Hulett’s work appears 
to indicate that particles 2 microns in diameter were in equi¬ 
librium with the solution, in which case 1/ri = 1/fx. However, 
they prefer the value ri = 00 , whence 1/ri disappears, and the 
simplified expression is 

RT Sr 2<r 

(1 — a + na) -In — = — 

M S pr 

where S,- is the supersolubility of small particles of radius r and 
*S is the normal solubility of large crystals. Dundon, in a later 
paper (33), calculates the supersolubilities of a number of dif¬ 
ferent substances for small particles and relates these to the 
surface energies (Table 5) and roughly to the hardness of the 
crystals. 

TABLE 5 

Solubility and Particle Size 

(Dundon, 33) 


Substance 

Molec¬ 

ular 

1 Weight 

p = 

Den¬ 

sity 

1 

Mo¬ 

lec¬ 

ular 

Vol¬ 

ume 

Particle 
Size, M 

Increase 
of Solu¬ 
bility, % 

1 

Sur¬ 

face 

En¬ 

ergy 

Hardness, 

Mohs 

Pbl2 

461.04 i 

6.16 

74.8 

0.4 

2 

130 

Very soft 

CaS 04 - 2 H 20 

172.16 

2.32 

74.2 

0.2^0.5 

4-»12H 

370 

1.6-.2 

Ag2Cr04 

331.76 

5.53 

60.2 

0.3 

10 

575 

2 

PbF2 

245.20 

8.24 

29.7 

0.3 

9 

900 

2 

SrS 04 

183.69 

3.96 

46.4 

0.25 

26 

1400 

3 ^ 33 ^ 

BaS04 

233.43 

4.50 

52.0 

0.1 

80 

« 

1250 

23 ^- 3 ^ 


The increase in solubility is very marked, especially in the 
case of SrS 04 and BaS 04 . The value of 12^% for maximum 
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increase of solubility in gypsum differs from the figures of 
Hulett. Dundon and Alack explain this on the grounds that 
powdering up of hydrated crystals presents some difficulty. To 
begin with, it is common to find some dehydration, which works 
in the direction of giving apparent values of supersaturation in 
excess of the real values. Then, again, with gypsum, many 
particles too small to estimate might be present and would give 
a higher value. Although this might invalidate the figures for 
supersolubility at given particle sizes, the presence of extremely 
tiny particles, causing an even greater supersolubility, is surely 
useful in indicating a figure nearer the maximum possible. By 
careful grinding between glass plates with petroleum as lubri¬ 
cant, they succeeded in avoiding dehydration. Later they found 
they could do the same by grinding with distilled water until 
perfectly dry. 

Their maximum supersolubility, 12Vo% for particles of 0.2 
to 0.3 micron, is rather lower than HuletUs 19% for 0.4 micron, 
but the discrepancy is not serious and presents no invalidation 
of the principle of the supersolubility of small particles. 

Gross (34), a crystallographer, also made an effort on slightly 
different lines but yielding similar results. Each crystal surface 
has a given surface energy y per square centimeter. This is 
the work required to draw out a surface element from tlie attrac¬ 
tion of all neighboring elements in the interior of the crystal. 
Having orientated structures, these forces of attraction are direc¬ 
tional. Also the works of formation of the different crystal sur¬ 
faces are different. A simple form is assumed, so that all surface 
elements are crystallographically equivalent. 

Then, if r is the length of a given crystal edge, the volume of a 
crystal seed of this shape will be the surface area the 
internal energy per cubic centimeter f, and Er the total energy in 
the seed of side r, and we get 

Er = ivr^ + yur^ (1) 

Let g be the density of the crystal and M the gram-molecular 
weight, so M/g will be the molecular volume and M/gvr^ the num¬ 
ber of crystal seeds in a gram molecule. The sum total of energy 
is then 
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M M 1 

Mr = ^-1- 7 — • ^ 

g g vr 

or, putting u/v = k, 

M kiM 

M^ = ^- + 7- (2) 

g gr 

For seeds of length r = oo^ 

M 

Moo = ^— (3) 

g 


The difference — Mx is obviously the work to be expended when 
a gram molecule is reduced from a very large crj^stal to a large 
number of dimensions r. The large crystal is in equilibrium with 
a concentration C« and the small one with a concentration C^. 
Consideration of osmotic work indicates that the expression relat¬ 
ing Cr and r is 


RT\n Cr = RT\n C« + 







Valeton has shown on the grounds of this relationship that 
Hulett's values of 2 x and 0.2 X lO”"* centimeters and 
their corresponding solubilities, 15.33 and 18.2 millimoles per 
liter, fit in well. Gypsum seeds not less than 2 X centi¬ 
meters in a solution containing 15.33 millimoles per liter are in 
equilibrium, but, if smaller seeds are also present, the concen¬ 
tration will temporarily rise over 15.33 and the excess will then 
deposit on the coarser crystals. 

Gross uses this formula to explain the coarsening of a granular 
precipitate by absorption of the lesser particles in it (the Ger¬ 
man Sainmelh'i^tallisation) in much the same way as Ostwald 
was led to his own speculations through observation of the same 
phenomenon with the mercuric oxides. 

At the same time, there is a serious omission with all these 
treatments of the problem in that they do not allow for any 
factor which will prevent the particles getting an indefinitely 
high value of supersolubility with extremely small size. One 
such treatment of the difficulty is that of Knapp (35), who postu- 
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lated an electrical charge on the particles and discussed the 
relative influences of surface tension and the former on particles 
of colloidal dimensions. At the surface of such a particle, con¬ 
sidered as an isolated charged sphere the total free energy, E is 
the sum of the surface energy and the electric charge: 

o 

E = 47rrV H- (5) 

2Kr ^ ' 

where q is the electric charge on the particle of radius r and K 
the dielectric constant of the substance. If m be the mass of a 
particle and if its density is assumed to be the same as that of the 
bulk solid, then m — and dm = 47rr^p*dr. 

By differentiating (1) with respect to m, 




SttAV^ 





If, now, a system of two spherical particles of radii ri and ?2 be 
considered, each in equilibrium with its saturated solution, the 
osmotic pressures of the dissolved substances being pi and p 2 , 
respectively, a cycle is carried out isothermally and reversibly 
by removing a small mass dm from the first particle and adding it 
to the second, then dissolving from the second against the osmotic 
pressure p 2 ) compressing to pi, and depositing on the first under 
pressure p\. If the gas laws are obeyed (i.e., for dilute solutions), 
the free energy changes show that 



?1.2, (i - i) - 

M S 2 Vri r2/ SttA Vri^ r2^/ 

When one particle becomes very large, this reads 

KTp ^ Sr 2<r q^ 1 

M ^ S ~ r ~ 8^ * ^ 

Equation (8) may be expressed exponentially, thus 

Sr = 


(7) 

( 8 ) 

(9) 


where a = 2 <tM/RTp and ^ = (fM/SirKRTp. The form of curve 
is shown in Fig. 12. 
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For a particle to be in equilibrium with a solution containing 
large crystals, its radius must have a value of about R (abscis¬ 
sae) corresponding with the normal solubility S. As the par¬ 
ticles diminish, the increase in solubility is indicated in the up¬ 
ward trend of the curve, which, however, reaches a maximum 
value for some small particle size, say, at point B with radius 
/?i, after which the increasing effect of repulsion between charges 
is noticeable and the solubility curve decreases again. An inter¬ 
esting possibility is shown by point A, where extremely small 
particles have a solubility cor¬ 
responding with that of large 
crystals. If, as might occur 
under conditions of precipita¬ 
tion, all the particles were uni¬ 
formly of the size represented 
at A, they could remain in¬ 
definitely in the presence of 
large crystals without being 
reabsorbed. This is an im¬ 
portant condition which may 
be realized in the preparation 
of colloidal sols involving crystalline powders and has actually 
been noted by Dundon and Mack (32) but has no other than 
theoretical importance for the grower of big uniform crystals. 

There is another aspect of the problem connecting size and 
supersolubility (viz., wliat happens when relatively enormous 
degrees of supersaturation are set up, as is possible, for instance, 
in chemical reactions, particularly involving double decompo¬ 
sition). Examples of this kind are the mixing of potassium 
sulphate and barium chloride. The barium sulphate formed has 
a very temporary supersaturation of several thousands of times 
the normal solubility value. The excess is deposited practically 
at once, but there is the interesting feature that the size of the 
particles of the precipitate varies inversely with this virtual 
supersaturation, von Weimarn (36) has studied this phenome¬ 
non carefully, and in his notation Q is the virtual supersatura¬ 
tion (i.e., the excessive and temporary concentration) and S is 
the normal solubility. If the velocity of precipitation is V, he 
makes V = K{Q — S)/S. The expression (Q — S)/S is referred 



Particle size r increasing 


Fig. 12. Change of solubility with 
particle size. (After Knapp.) 
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to as the dispersion coefficient. By making it very big and at 
the same time reducing the solubility artificially to as near zero 
as possible, the later metastable zone growth ceases and the 
original particles do not tend to grow bigger (i.e., the bigger 
particles at the expense of the lesser). A way mentioned by 
von Weimarn is to mix iV/40 solutions of barium thiocyanate 
and cobalt sulphate in a 50% alcohol-water mixture in which 
the salts are independently soluble to this extent. On the pre¬ 
cipitate forming, the value (Q — *S)/iS is very great, S being 
virtually zero in view of the effect of the alcohol in “salting out’^ 
the already sparingly soluble barium sulphate formed. The 
result is a stable “gel” of barium sulphate and water-alcohol, 
one prepared by von Weimarn having lasted several years with¬ 
out changing. The possibility of the particles having the size 
given by A in Fig. 12 should not be overlooked. 

In view of the foregoing data on the influence of size on 
solubility, it would appear that there were good grounds for 
the presence of a metastable region below the normal solubility 
curve, since the first crystal seeds to be produced from the 
liquid itself would of necessity be mainly very tiny. Hence 
there should be a rough parallelism between the size of the seed 
formed and the part of the metastable zone in which it would 
suffice to survive and build up a large crystal. For instance, a 
seed of 0.2 micron might suffice to “seed“ a solution close to the 
labile or supersolubility curve as defined by Miers, while at the 
same time being quite inadequate to “seed” a solution only just 
below the normal solubility curve. 

To the writer’s knowledge, no experimental work has been 
attempted to coordinate the extent of the metastable region for 
any given substances with the size-solubility relations for the 
same substance. There appear to be good reasons to assume 
that this size-solubility relationship can account for at least the 
major part of the metastable region. Indeed, Kiister (37) in 
1903 advanced the view that the limits of the metastable range 
were furnished by the solubilities of the large crystal and of 
the smallest possible particle. The work of Young and the 
Earl of Berkeley also indicates that other stimuli besides appro¬ 
priately sized seeds or colloidal particles are able to bring about 
crystallization in this area. Whatever the true modus operandi 
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of the processes, it cannot be doubted that the colloidal particles 
or the heavy mechanical shocks work through causing the for¬ 
mation of a true crystal seed. It is very probable that some 
orders of aggregation already exist in solution or melt when 
near the solidification point, and it is the combining of certain 
of these rather than the simultaneous onrush of millions of simi¬ 
lar atoms which constitutes the beginnings of crystals. 

In their observations on undercooling, Hinshelwood and Hart¬ 
ley (11) stressed the importance of heat treatment on the subse¬ 
quent spontaneous generation of crystal seeds. Thus, with 
molten salol, in sealed tubes and cooled to 32.3®C, the proba¬ 
bility of crystallization was 500 times greater when the temj^era- 
ture liad not greatly exceeded 60°C, its melting point, than 
when heated to 100°C and then cooled [an observation corrobo¬ 
rated by the work of Horn and Miising (38) on the nucleation 
of molten aluminum and antimony]. In the latter event the 
power to crystallize at this temperature was largely lost but 
was restored when the tube was opened to the atmosphere and 
resealed. Their attribution of the behavior of the salol melt to 
the introduction of colloidal dust particles has already been 
commented upon. At the same time, heating only just beyond 
the melting point might not be sufficient to break up the semi¬ 
crystalline clusters or aggregates which would remain on cooling. 
But, in this event, it is hard to see why any supercooling would 
take place. Miers, in his last words on the subject at the British 
Institute of Metals **jMay Lecture” in 1937 (39), said: 

I find it hard to believe that without special stimulus, crystallisation 
can ever begin without some degree of undercooling. It may be pos¬ 
sible to cause crystals to appear in a scarcely supersaturated solution 
by sufficiently violent mechanical action, just as they are made to 
appear by introducing an isomor])hou.s crystal; but there is a consider¬ 
able difference between what actually happens and what may be made 

to happen by sudden changes of temperature, violent blows, foreign 
substances and so on. 

Mechanical shocks, too, probably work rather by causing sub¬ 
crystalline aggregations to come together and form a nucleus 
large enough to survive rather than through seeding by particles 
chipped off the hammer or anvil. The Earl of Berkeley’s views 
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(24) on waves of compression or rarefaction causing a change 
to the labile condition have already been commented upon. 

The colloidal particles probably begin by adsorbing a layer 
of crystal particles which become sufficiently big to act as seeds. 
On the other hand, the nature of the inner structure of the “col¬ 
loidal” particles may in many cases be the determining factor, 
and their influence may be due to a form of parallel growth 
rather than straight “adsorption.” If an opinion be given at 
the present stage it is that the idea of a metastable region and 
a fairly narrow supersolubility curve or band should be accepted 
as a practical working arrangement whenever crystals are to be 
grown or whenever some abstruse problem (e.g., dendrite for¬ 
mation) has to be considered. The actual limitations have 
already been put before the readers in the past few pages. 

This advice has actually been followed by many workers in 
the field of crystallization [e.g., Griffiths on mechanical crystal¬ 
lization (40)], and that the idea has reached fields of research 
not at first anticipated by its original sponsors is shown by the 
following quotation from a textbook, Science of Metals^ by Jef¬ 
fries and Archer (McGraw-Hill, 1924, p. 122): 

Although the structure of troostite is irresolvable under the micro¬ 
scope, it is quite certain that it consists of submicroscopic crystalline 
particles of cementite imbedded in ferrite. Now if the steel is heated 
for several hours at a temperature of about 700®C, the cementite par¬ 
ticles become visible and on continued heating can be observed to grow. 
They are not directly connected with each other in any way so the 
transfer of material from one particle to another must take place 
through the ferrite. The smaller particles dissolve in the ferrite until 
a solid-solution is formed which is supersaturated with respect to the 
larger particles. Precipitation then occurs on these larger particles 
with the net result that they grow at the expense of the smaller 
particles. 

A recent work supporting the idea of a fairly sharp demarca¬ 
tion line between metastable and labile regions is that of Davies 
and Jones, read before the Faraday Society at Bristol, 1949 
(41). After giving figures for silver chloride precipitations at 
various degrees of supersaturation they conclude: 

If the concentration of a seed-free solution were uniformly increased 
through the normal solubility value, the rate of growth of any nuclei, 
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however arising, would be increasingly favoured as compared with the 
rate of solution, until nuclei of a size satisfying the Gibbs-Thonipson 
equation would be eventually produced. The corresponding concentra¬ 
tion product would represent the critical supersaturation. Up to this 
point, the nuclei would be unstable, the rate of loss by solution far 
exceeding, at first, the rate of molecular deposition, and we therefore 
think that the main mechanism of growth is by the successive coales¬ 
cence of smaller particles; it is only above the supersaturation point 
that this mechanism may give way to growth by molecular accretion. 
If this is correct, the number of nuclei attaining a given size will vary 
very rapidly with changes of concentration and the critical supersatu- 
ration might be identified with a narrow range of concentration in 
which stable nuclei arise in significant numbers. A consequence of this 
view would be that stable nuclei can exist in small numbers in the 
metastable region: but when we remember that a reduction of con¬ 
centration will not only result in a very rapid drop in the number of 
nuclei of given size, but will also lead to a rapid increase in the mini¬ 
mum size of a stable nucleus, it is clear that the chance of detecting 
crystallisation at a point well within the metastable region is vanish¬ 
ingly small. 

TYPES OF CRYSTAL SEED 

The first type is obviously a seed of the same crystalline sub¬ 
stance of the appropriate size to enable it to survive. 

The second type is a seed of a substance which is chemically 
and crystallographically similar and which will form “mixed 
crystals” to a limited or unlimited extent. Seeding with these 
can be practically as good as the substance itself. 

There has grown up a big literature in recent years on the 
subject of parallel growths where a clean surface of one sub¬ 
stance is immersed in a supersaturated solution of another. 
When examined, crystals are found to have formed in such a 
manner that they usually have some one plane of the one resting 
parallel or in contact with a plane of the other and with a 
common edge (i.e., atom row). It is obvious that if such a power 
of orientation exists in the crystal plate, then crystals of the 
one could act as seeds for a supersaturated (and not labile) 
solution of the other. The works of Barker, Royer, and many 
others have considerably enriched this field and a name, epi- 
taxis, has been coined by Royer to cover it. An example is 
given in Plate 1, where KMn 04 crystals rest in parallel position 
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Plate 1. Parallel growth of KMnOi erystals on a KCIO.-i plate. (Buckley.) 

XH- (Identical plate with two kinds of lighting.) 
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on a plate of KCIO 3 . The 001 plate of KCIO.i is not parallel to 
any face of KMnO^, although the crystals of the latter are 
stuclcling it, but the Y and Z axes of both are parallel to each 
other [thus necessitating the two (1001 faces to be parallel also]. 
There is no doubt that KCK);i crystals could act as seeds for a 
metastable solution of KAInO^ of the right concentration as also 
vice versa. At the same time, there are all gradations of case 
and of difficulty in the preparation of parallel growths, and it 
seems highly imprt)bable that two substances which can only 
be made to form ])arailel growths on each other with great 
difficulty will ever be sufficient in relieving the supersaturation 
the one of the other unless the condition of the scdution corre¬ 
sponds already with a point fairly close to the labile curve. 

There is also that aspect of foreign bodies opposing the sepa¬ 
ration of crystals to be considered. Tainmann’s observation on 
the increase(,l supercooling of melted betol in the presence of 
powdered glass is one of these. Probably quite unrelated to tliis 
is the observation of Robert Alarc (42, 43), who, among many 
other researches into the phenomena connected with crystal 
growtli and dissolution, noted that Ponceau 2R had the effect 
of damping down the separation rate of KC10;t from solution 
and tliat at certain concentrations growth would cease. A brief 
description of the work is given below. 

Alarc first prepared a large bulk of seeds of more or less uni¬ 
form grain by cooling several liters of solution saturated at - 
about 30°C down to 0°C with vigorous stirring. After separa¬ 
tion, they were dried at as high a temperature as the substance 
could safely stand, and the slight sintering effect of the drying 
was counteracted by subsequent gentle friction (e.g., between 
sheets of paper) over a length of time until the uniform grains 
(about V 2 to 1 millimeter across) were separated. His experi¬ 
mental solution (44), either supersaturated or undersaturated to 
the extent required, was placed in a vessel as shown in Fig. 13, 
of dimensions 13 X 5 centimeters, with two leading-in tubes, 
Li and Lo, sealed by plugs of sealing wax to the holes bored for 
them in the vessel. The platinum electrodes consisted of circular 
sheets with stout wire of the same metal welded to them, passing 
eacii through the sealing-wax plug and contacting mercury joints 
in the side tubes. Platinum wires led out from the top surface 
of the mercury. The whole solution could be violently stirred 
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by the stirrer and the plastic cap C, made in two halves joined 
together by “hooks and eyes” for ease in adjustment, had a hole 
to take the stirrer and another, T, for the thermometer and for 
admitting the crystal seeds at the beginning of each experiment. 
The quantity of seeds admitted was known, their approximate 
order of surface could be estimated, the degree of saturation at 
the beginning was also known, and the variation in the amount 



Fig. 13. Robert Marcus crystallization apparatus. 


remaining in solution after a given length of time was calculated 
from conductivity measurements on the solution. A glance at 
Table 6 showing one set out of many given in this and other 
places by Marc indicates that, whereas after the addition of the 
seed crystals the degree of supersaturation or undersaturation 
rapidly sinks to a vanishingly small value in a number of min¬ 
utes, stirring being at 600 to 800 revolutions per minute, the ac¬ 
tion of the dye Ponceau 2R at the particular concentration used 
actually causes the supersaturation to increase somewhat, indi¬ 
cating that the relatively large crystal seeds (e.g., % millimeter) 
which would survive in any ordinary “metastable” solution are 
slightly redissolved on the addition of the dye. Without fur¬ 
ther increasing the supersaturation by cooling or evaporation, 
such a supersaturated solution would remain indefinitely with- 
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TABLE 6 

Influence of Ponceau 2R on the Crystallization and Dissolution of 

Potassium Chlorate 
(Saturation at 0°C. 3.24 grams.) 

(Marc, 44) 


Experiment 3. Crystallization with 

Experiment 4. Dissolution with 


1-gram seeds 


1.5-gram seeds 

Time, 

Concentra¬ 

Super¬ 

Time, 

Concentra¬ 

Under¬ 

min 

tion, grams 

saturation 

min 

tion, grams 

saturation 

0 

3.67 

0.43 

0 

2.83 

0.41 

0.5 

3.39 

0.15 

0.5 

3.07 

0.17 

1.5 

3.28 

0.04 

1.5 

3.17 

0.07 

2.5 

1 

3.26 

0.02 

2.5 

3.19 

0.05 

5.5 

3.25 

0.01 

5.5 

3.22 

0.02 

11.5 

3.25 

0.01 

11.5 

3.24 

0 

31.5 

3.24 

0 

32 

3.22 

^ • ■ 

Experiment 5. Like 3 with 0.028 

Experiment 6. Like 4 with 0.028 

Ponceau 2R added 

Ponceau 2R added 

Time, 

Concent ra¬ 

Super- 

Time, 

Concentra¬ 

Under¬ 

min 

tion, grams 

saturation 

min 

tion, grams 

saturation 

0 

3.80 

0.56 

0 

2.86 

0.38 

0.5 

3.81 

0.57 

0.5 

2.99 

0.25 

1.5 

3.80 

0.56 

1.5 

3.01 

0.23 

2.5 

3.81 

0.57 

2.5 

3.04 

0.20 

5.5 

3.81 

0.57 

5.5 

3.04 

0.20 

11.5 

3.85 

0.61 

11.5 

3.07 

0.17 

35 

3.85 

0.61 

35 

3.09 

0.15 
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out crystallizing. There is also some influence by the dye on 
the reverse process, but to nothing like the same extent. After 
a sufficient length of time, the undersaturation in Marc’s experi¬ 
ment 6 would reach zero. This phenomenon is quite distinct 
from Tammann’s example, for at this concentration the stated 
quantity of Ponceau 2R would be completely in solution. It is 
a good example of the pitfalls encountered in this kind of work. 

A case similar to the latter may be that of sodium hexameta- 
phosphate, which inhibits the deposition of calcite when in am- 
moniacal solution (45). In cither case it is possible that the 
adsorption of dye or salt ions on the surface of forming seeds, 
and the consequent inhibiting of growth on all the more impor¬ 
tant faces, may be at the root of the phenomenon. This may 
also be the reason for the polymorphous aragonite often being 
met with, though it is a less stable modification than calcite. 
But this form was not reported as being produced in the present 
case (45). Nor would adsorption on tiny nuclei of KCIO.i ex¬ 
plain Marc’s (43) observation in his Table 13, where the seeds 
are big. Adsorption could prevent their further growth, but 
why should they suffer some slight dissolution as shown in 
Marc’s experiment 5? 

Further corroboration of Marc’s observations on the preven¬ 
tion of precipitation in supersaturated solutions in the presence 
of certain impurities and the consequent suspension of the move¬ 
ment to establish equilibrium conditions is afforded by Miles (46) 
in his investigations of the formation of various lead compounds. 
In the presence of ^4% dextrin, a PbCl 2 solution can persist 
with 100% excess over normal saturation point; with 2% dex¬ 
trin, the excess may reach 150%. Lead iodide in the presence of 
agar may tolerate an excess over saturation of 300% without 
crystallizing. 

A similar case is described by Bolam (47) for lead iodide. To 
quote (p. 144): “E.AI.F. determinations show that at suitable 
concentrations of potassium iodide and lead nitrate, the precipi¬ 
tation of lead iodide is inhibited by the presence of agar. The 
lead iodide is maintained in a highly supersaturated solution, 
being prevented from forming crystallisation centres.” This 
same suppression of crystallization centers is also in evidence 
when aragonite crystallizes with calcite in various precipitates. 
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Kohlschiitter and Egg (48) find that Congo Red (Colour Index 
No. 370), as the concentration is increased, causes the separation 
of aragonite to become increasingly difficult until at a percent¬ 
age concentration of 0.002 at 50°C or 0.000027 at 31°C separa¬ 
tion ceases. It can readily be imagined that, if calcite were not 
an alternative, the supersaturation would become very great 
indeed. 
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Tke Artificial Preparation 

of Crystals 


The existence of large, clear, and apparently perfect crystals 
of many minerals must from the earliest days have excited the 
attention of workers in crystallographic subjects and provided 
an urge to try to emulate them with the commoner substances at 
their disposal. Certain of the latter, such as alum, presented 
no difficulty, but common salt was not so straightforward. Vari¬ 
ous rule-of-thumb methods were tried out, and each substance 
was found to require its own particular treatment. Manufac¬ 
turers were presented with a similar problem on a bigger scale, 
and the choice with them was between a micro-crystalline pow¬ 
der and larger discrete crystals. As the relatively greater purity 
of the latter came to be recognized, certain substances [e.g., pho¬ 
tographic hypo (sodium thiosulphate)] came to be presented to 
the users in the crystalline form. In certain cases, the crystals 
pack together better when well crystallized [e.g., ammonium 
sulphate, which forms unwieldy masses when sacks of the finer 
crystals are stacked for their ship's journeys owing to sintering 
under the pressure of their own weight, and even the large crys¬ 
tals are better when grown in a certain shape than in any other 

(I)]- 

In the laboratory, in recent years, the growing of large clear 
crystals as perfect as possible has been stimulated by the need 
for such in the investigation of physical properties and some¬ 
times by the need for large sections possessing piezoelectric prop¬ 
erties (e.g., Rochelle salt, ammonium dihydrogen phosphate, 
etc.). The making of large single-crystals of various metals, 

43 
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taken up by a number of research workers recently, also comes 
into this class. 

The greater proportion of the readers of this book will have 
had some experience in the growing of one or another type of 
crystal. The works chemist, making crystals by the several tons 
per day, will without doubt have special methods at his disposal 
for his special cases, and many good methods probably never 
cross the threshold of the works. I am not attempting to teach 
such as these, but to present a compact account of the artificial 
production of crystals which will be useful to the researcher with 
limited facilities for preparation, or for studying various meth¬ 
ods of growth. 

The commonest and cheapest way to grow crystals is by sepa¬ 
ration from aqueous solution. This is not always possible, as 
many organic substances, the metals, and many carbonates, sili¬ 
cates, and so on, are insoluble in it at atmospheric pressure. 
Wherever possible, some other solvent, alcohol, paraffin, acetic 
acid, turpentine, or the like, can be used with no change in the 
principle or general method. Often the preparation obtained 
from crystallization from a solution is inferior to the product 
of some other method. As an example of this we may quote 
common salt, which is superior in its physical properties when 
grown from a melt than when separated from water, but the 
former method is far too expensive to render it of value, say, for 
table salt and indeed is quite unnecessary for this and for the 
salt needed for most other purposes. Preparation of crystals 
from solution will be dealt with first. It should be remembered 
that, in the preparation of large clear crystals, the touch of the 
artist is about as important as the application of established 
scientific principles. 

CRYSTALLIZATION FROM SOLUTION 

In Chapter 1 an important clue to the production of good 
crystals was soon in evidence, namely, the growth of the crystals, 
as far as is possible, in a metastable solution and the avoidance 
of the labile state. It is axiomatic that the slower the growth 
the greater are the opportunities that the atoms, ions, or mole¬ 
cules have to pack together to form an “ideal” crystal, that is, 
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one which is a space lattice continuum from side to side. Most 
instructions, therefore, are to facilitate this end (viz., slowness 
and uniformity of growth). A labile shower is certain to con¬ 
sist of rapidly growing crystals, frequently with the various de¬ 
fects to be reported on in a later chapter. As it is likely to be 
impossible to avoid touching the labile state with solutions 
which have not already been seeded, a problem is how to avoid 
excessive supercooling. Rapid stirring of a cooling solution will 
insure that the crystals whch form first at the evaporating sur¬ 
face are distributed throughout the solution and uniform growth 
in all directions will result. Stirring should be continuous; 
otherwise there may be some separation into denser and lighter 
strata during crystallization, and this will be suddenly inter¬ 
rupted and irregular results obtained. Good results can be ob¬ 
tained, in most cases where the crystals are not needed to be 
very big, by simply setting the solution aside to cool or evapo¬ 
rate in a quiet spot without any stirring at all. At times, work¬ 
ers have taken special precautions to avoid even slight shocks 
being transmitted to the solution during crystallization which 
would then, presumably, be in a labile condition. Such is the 
case with the interesting experiments of Dr. Hcrapath in the 
1850’s, when he discovered the properties of “iodosulphate of 
quinine”—herapathite—forerunner of modern “Polaroid.” His 
only way with the scientific knowledge of his day was to grow 
large thin flats which were excellent substitutes for tourmaline. 
These were grown floating on the surface of the solution whose 
density could be regulated for this purpose by varying the pro¬ 
portion of ethyl alcohol and acetic acid. Mechanical disturb¬ 
ances were avoided by suspending by a string the glass crystal¬ 
lizing vessel from a kind of clothes line stretched across the 
room. If evaporation is resorted to, the temperature should be 
as constant as possible, since evaporation at ordinary tempera¬ 
tures is normally a slow process, and, if there is a sudden warm¬ 
ing up of several degrees, as may happen during the daytime in 
a laboratory, the solution may become undersaturated in spite 
of the continuous evaporation and some dissolution of the sur¬ 
faces may then occur. A cool cellar is commonly resorted to 
when thermostatic control is not possible (e.g., in Wulff’s ex¬ 
periments with the rotating cylinder; see later on). A useful 
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feature of laboratory crystallization, in which as a rule frac¬ 
tions of a liter of solution are the maximum quantities involved, 
is the large tank, of glass or copper—and holding as much water 
as possible—into which the crystallizing vessel is suitably 
clamped or occasionally floated. The large quantity of water, 
say 5 to 20 gallons, is far more immune to sudden fluctuations of 
temperature than the small vessel of solution. Furthermore, 
when the crystals are to be grown by cooling, the large amount 
of water should be heated to the temperature required by the 
crystallizing vessel, and on cooling the rate is enormously re¬ 
tarded, with beneficial results to the crystals. An iron or cop¬ 
per cylindrical vessel should be clamped in a suitable position 
to the side of the large tank and the glass beaker or other vessel 
placed into it. If precautions are taken against overbalancing, 
the beaker may be floated in the larger tank without any clamp¬ 
ing. In this case, different sizes and diameters of beaker should 
be experimented with for any given volume of solution so as to 
avoid the vessel getting “top-heavy” after the air space above 
the solution has been increased by evaporation of the latter. 
A ring of corks on a brass or copper wire lightly clamped round 
the vessel has been used by the author to some advantage (Fig. 
14). Evaporation takes place through a filter paper covered by 
a clock glass barely the size of the vessel. For many purposes, 
it is sufficient to wait for the crystals to form freely, but, for 
larger crystals, a repetition of the cooling or evaporation using 
one or more of the first-grown crystals, as flawless as possible, 
suspended on a hair, silk thread, or very fine strand of wire as 
a seed, will yield larger and more uniformly developed crystals. 
Momentary immersion of the seed, secured to the thread, in an 
undersaturated solution is often useful in removing traces of 
dirt, minute crystal seeds, or films of impurity acquired when 
the crystal was stored away dry. 

For well-developed crystals as free from flaws and inclusions 
as possible, viscosity is to be avoided as much as possible. Ad¬ 
dition, or fortuitous presence, of viscous materials causes a 
variety of growth formation (Chapter 12), and, where the crys¬ 
tallizing solution is itself viscous, the formation is often better 
when evaporation is carried out at some higher temperature, for. 
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although the speed of evaporation and so of deposition is greater 
at the higher temperature, viscosity is reduced. Furthermore, 
reducing the rate of evaporation by a suitable cover plate is 
possible in the meanest equipped laboratory. 

It is obvious that, in all these simpler methods, the manufac¬ 
turer who crystallizes a tun at a time will start with a great 
initial advantage over the student with 10 or 20 grams. That 





Fig. 14. Beaker of solution balanced by ring of corks. 

IS a reason why so many of the crystals—alum, potassium di¬ 
chromate and ferrocyanide, copper sulphate, and so on—seen in 
the store rooms of chemical departments are, in size and often 
in quality, so hard to emulate on the small scale of the experi¬ 
menter. 

The growth of reasonably big crystals of greater purity and 
uniformity than those found in the manufacturer’s bottles and 
from a limited quantity of solution has long exercised the minds 
and ingenuity of research workers, and many and varied types 
of apparatus have been devised. A few of these will be de¬ 
scribed in the next sections. 


Wulff’s Rotating Cylinder (2) (Fig. 15) 

This was one of the earlier efforts to obtain uniformly devel¬ 
oped crystals for measuring the rates of growth normal to the 
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various faces. As is well known, a crystal does not develop with 
all its crystallographically equivalent planes the same size and 
shape when growing at the bottom of a vessel or sticking to a 
side or suspended from the surface. The cooling of the solution 
causes the denser cooled liquid to make toward the bottom and 
so-called “concentration currents” are set up, these being ac¬ 
centuated by the crystal itself taking up material from the cur¬ 
rents and causing them to become less dense. Certain faces of 
similar type may be seated j^referentially to receive the oncom- 



Fia. 15. Wulff’s crystallization apparatus using horizontally rotating 

cylinder containing solution. 

ing crystal material, and growth in (or against) such directions 
will be rapid compared with less favorably situated directions. 
To insure uniformity, Wulff mounted his crystal on a holder 
placed on the axis of a rotating glass cylinder holding about one- 
half liter of solution. By a cord and pulley, the cylinder could 
be rotated slowly, crystal and all, and uniform development in¬ 
sured. The required supersaturation was obtained by slow cool¬ 
ing. In his later paper (3), a double cylinder was used and the 
whole was placed in a large vessel of water which could be con¬ 
trolled by a thermoregulator; otherwise the principle remained 
as in the first apparatus. 

Johnsen’s Rotating Crystal (4) (Fig. 16) 

A variant of the Wulff method is that afforded by Johnsen. 
In this, a crystallizing vessel A, about 200 cubic centimeters in 
capacity, open to the atmosphere to allow supersaturation by 
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evaporation, is damped in a large tank of water controlled by a 
thermostat. A rod R with pulley wheel at the top can be geared 


to rotate at any desired speed and 
at the lower end holds a glass disk 
G to which the specimen crystal 
is cemented. The spurious seed 
crystals which form on the sur¬ 
face are thrown to the bottom 
and, while they continue to grow 
there, have no influence on the 
rotating crystal. It will be noted 
that Johnsen’s method will have 
practically no influence on the 
concentration currents but the 
crystal faces will be more evenly 
exposed to them, whereas Wulff’s 



Fig. 16. Jolmsen’s crystalliza¬ 
tion apparatus. 


method will have a strong equalizing action on any denser and 
rarer strata that would tend to form. 


The U-tube Method of Kriiger and Finke (5, 6) 

In the original apparatus of these authors (Fig. 17) two wide 
vertical tubes were connected, in the manner shown, by an upper 



Fig. 17. U-tube method of Kriiger and Fincke. 


and lower horizontal tube. There is a heater and supply of 
crystals (suspended in the bag) in the left-hand limb (?i, while 
Ga contains a stirrer which draws current through R 2 from Gi 

and drives it back through G 2 and Rx. X is a water cooler_so 

that the current reaching the crystal at (or near) the base of 
G 2 is supersaturated and growth can take place. The chief 
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drawback is that, owing to local fluctuations of temperature, the 
narrow tubes get clogged up with unwanted crystals. The writer 
was in temporary possession of an apparatus of this type, the 
only difference being in the growing crystals being situated on 
a gauze halfway up the tube G 2 . Quite large crystals (up to 
2 centimeters) of potassium sulphate were grown in a day or 
two but were not noticeably perfect, having the usual failing 
of large crystals of potassium sulphate (viz., the curvature and 
knobbly appearance of the principal faces, {021}). 



Fig. 18. Valeton’s arrangement. 


The arrangement was later modified by Valeton (7) (Fig. 18), 
who dissected it, placing both portions in separate thermostats 
as shown, the sides of the thermostats being bored twice to ac¬ 
commodate the side tubes and R 2 . These are arranged so 
that the joint is made inside the warmer of the two thermostats. 
The joints are of stout rubber hose-piping. In Valeton’s actual 
apparatus, Gx is of 6.5-centimeter and of 5.5-centimeter bore. 
The tubes Rx and R 2 are separated vertically by a distance of 6 
centimeters and are 5 millimeters in internal diameter. After 
both thermostats have been maintained at the same temperature 
for some hours, a small quantity of undersaturated solution is 
added to G 2 , the crystal added (whence a slight preliminary dis¬ 
solution takes place), and then the temperature of the tliermo- 
stat surrounding G 2 is gradually lowered a shade below that of 
Gx. It was with this arrangement that Valeton kept a crystal 
of potash alum for several months at the saturation temperature 
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without any modification of the habit, thus disproving one of 
the main props of the Curie theory of surface energy as applied 
to crystals possessing several dift'erent types of face at one and 
the same time. 


Practically the same arrangement was used by Hostetter (8). 
ith alum, he found the best temperature difference between the 
two thermostats to be from 0.3"^ to 0.5°C, 


the rate of growth then being 1 milligram 
per square centimeter per hour. He ob¬ 
tained in this way good clear crystals of 
potash alum and sodium chlorate suitable 
for pressure experiments. Even so, it was 
not found possible to grow the crystals 
without them showing zones of strain in 
polarized light. 

The Method of Nacken (9) (Fig. 19) 

In this arrangement, the solution vessel 
(?i, which has two tube inlets, Vi and ^ 2 , 
is placed vertically below the crystallizing 
vessel Go as shown. The tube system of 
G 2 is joined to that of Gj by a ground- 
glass stopper or a rubber joint. Around 
G 2 is a Liebig cooling jacket A, whose 
wall is uniformly several millimeters from 
the wall of Go. The space thus enclosed 
is joined to the short tube Ri. The crys¬ 
tallizing vessel Go tapers off into the tube 
R 2 with a valve consisting of a hollow 
glass sphere running in the widened por¬ 
tion. A solid glass sphere can be made to 
close the exit of Ri. 



Fig. 19. Method of 


Nacken for solutions. 


The apparatus is first filled with liquid in G, and G 2 , so that 
by exerting pressure on vessel G, through some of the ’contents 
are forced through R, into vessel G,, r, being at this stage closed 
with a rubber tube and a stopcock. It should be noted that it 
is the pressure on the rubber bulb connected to r 2 which forces 
solution along from G, through i?, to G 2 . On releasing the pres¬ 
sure on the bulb, a portion of the solution in G 2 is sucked down 
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the tube 7?2 and returns to Gi. The reserve crystalline material 
may be located at the bottom of Gi, or R 2 may be seated in an¬ 
other tube A, terminating in S in a third vessel G 3 . The vessel 
Gi and all below is immersed in a thermostat up to the cork, and 
running water, preferably from a second thermostat at a slightly 
lower temperature, circulates round the Liebig jacket K. The 
vessel G;i holds saturated solution and spare crystals, and the 
former is driven by pressure at r.^ from a bulb into Gi. The sys¬ 
tem is extended to Go by means of the tubes Ri and R^. The 
circulation is regulated by the speed at which the bulb is manip¬ 
ulated. ^^dlen the temperature is uniform throughout, the cooler 
water is introduced into K. In his researches, Nacken devised 
a mechanical means for compressing and dilating his bulb. Any 
spontaneously developed crystals should be detached with a 
wire; tlicn they will fall autt)matically with the down-streaming 
current through the valve opening in i? 2 - The apparatus can be 
made so small that 100 cubic centimeters of saturated solution 
will suffice. 

Recent publications by Walker and Kohman (10) give an 
account of a modern plant which seems closely related to the 
Nacken method but is adapted for commercial production. 
Crystallization occurs in one tank of a three-tank system (Fig. 
20). The solution is saturated in a second tank at a slightly 
higher temperature, by being vigorously stirred in contact with 
an excess of small crystals. The saturated solution flows by 
gravity, through a filter, to the third tank where it is heated to 
a temperature somewhat above the saturation point. This un¬ 
saturated solution can be pumped without fear of spurious seed¬ 
ing through a heated, insulated pipe line to the bottom of the 
crystallizer. Although the solution entering the crystallizer at 
the bottom is above the saturation temperature, it rapidly cools 
to the crystallizer temperature, somewhat below the saturation 
point, and the crystals grow uniformly and perfectly under these 
carefully controlled conditions. An overflow tube carries the 
partially depleted solution from the top of the crystallizer back 
to the saturator. 

The crystals are mounted in the way described in Holden’s 
apparatus (see later). The method is eminently suited to a 
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wide variety of crystals, including those with retrograde solu¬ 
bility, and it has been used successfully on ADP and EDT crys¬ 
tals. Four ADP crystals, each 6 inches square and 22 inclies 



ELECTRICAL CIRCUIT FOR REVERSING MOTOR 



crystallizer. 


long and weighing over 40 pounds, were grown simultaneously 
over a period of 4 months (Plate 2). A commercial plant of this 
design was set up by the Western Electric Co. with a capacity 
for growing about 40,000 one-pound EDT crystals annually. 



















AKTIFICIAL I’KKFAHATIOX OF CKY^STAL.S 

'I'hoc ai(' \istMl in hand pass filters for sending more than 500 
telephone conversations siniuitaneously over a single circuit. 
(Irow th oi Ml)'!' is alna >st (‘ntirely on the two wedge faces on the 
lelt-hand >id(‘ of the polar Y axis, and such ‘Avedges" are i)re- 
l(‘rred as >eeds lor the growth of large crvstals. 



Pt,\Ti: 2. 1 li(' larsrf'sf f)f ADP iirowii (o date in tiie Hell Telepiioiie 

I.ahoiatorif"--. and ineasunni; 0 hv 0 1)\- 22 inelif'-. Its weiiilit i' I.'t iK)nnrl<, 
I he -eed look 10 »la\’s to cap arnl the total har I inonllis. (H('prndiic(Mi 


with kind pertnission.) 


Moore’s Cooling I’aiik (lit t Fig. 21 ) 

A -solution saturatc<i at about 35° ti) -10°(’ is made in the well- 
known way. In the case of a very sohihh' substance like I^o- 
chelh' salt, the just-saturated solution at th(‘ starting tempera¬ 
ture should be luaited (1° to 7°(’ abo\-c this before filtt'ring to 
avoid prccij)itation. The crystals are placed in position wluai 
the thermostat is about ’4° above saturation point and the 
whole allowed to cool to the exact saturation temp(‘rature. By 
a sp('cial control of the tlu'rmorc'gulator, a drop of 0.1 °C is 
staged for the first 24 hours, then 0.2° i)er day for the next few 
days until the crystals arc to 1 inch in Icngtli. The cooling 
is increascfl to 0.3° to 0.4° per day and, when nicely over an inch 
in length, 0.5° to 0.6° per day. For seeds, Aloore i)referred small 
entire crvstals about 5 bv 2 millimeters. For uniform growth. 
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suspension on a hair, fine silk thread or fine wire was preferred. 
In special circumstances, to prevent fine crystals (crystal meal) 
dropping on the main crystal after forming on the surface, a 
glass shield could be placed over the crystal. With a battery 
jar with a capacity of 8 to 10 liters and dimensions 6 by 8 by 12 
inches, about 15 crystals, suspended in three tiers, gave the best 
results. A smaller number of 
seeds gave bigger crystals, but 
the time had to be longer as the 
surface exposed to the deposit¬ 
ing excess of material was 
smaller. 

Crystals of Rochelle salt and 
many other substances have 
been grown by this method by 
many workers since it was first 
described in 1919. 

Many variations of the 
method can be conceived of and, 
no doubt, have been used by dif¬ 
ferent workers. Perhaps the 
most successful of these is that 
employed by the Brush Devel¬ 
opment Co., where clear crystals, elongated on the Z axis and 
weighing up to 2 kilograms and over, have been grown for the 
firm’s well-known speakers, telephones, and deaf-aids. The tank 
is so constructed that it can be gently rocked from side to side 
through a small angle, several times a minute, the seeds being 
laid in a depression at the bottom with their A" axes vertical, 
some alkali being added to correspond with an -V/IO solution.' 
Sugar or formaldehyde is found useful (B. Kjellgren, U. S. pat¬ 
ents 1,905,757 and 8; reissues 19,697 and 8). 

A modification of this rocking tank method was used by the 
Brush Development Co. and by the Western Electric Co. during 
Uie war for the growth of large crystal bars of ammonium dihv- 
drogen phosphate (ADP), for use in submarine-detection de¬ 
vices (12). The tanks were 48 inches by 24 inches by 12 inches 
deep and were filled with 6 to 8 inches of the growing solution 
Each tank had 6 rows of 8 crystals and was rocked endwise. 




56 THE ARTIFICIAL PREPARATION OF CRYSTALS 

The gentle rocking insured an adequate, uniform distribution 
of the supersaturated solution to most of the (101) faces on 
which growth occurred. A few crystals in the ends of each tank 
sometimes became veiled owing to imperfect circulation of the 
liquid at these points. 

Each tank was covered with a metal or glass lid, sealed with 
a rubber gasket to prevent evaporation. Growth was regulated 
by slow cooling at between 0.3° and 0.8°C per day, depending 
upon the temperature level. Fifty-six such tanks were mounted 
on rocker frames in a room about 20 feet by 20 feet by 15 feet 
high. Thus 2240 crystals could be grown in each room. There 
were 14 such rooms in one of these commercial growing opera¬ 
tions, so that the capacity of production was quite large. The 
growing cycle was about 40 days to produce a crystal 9 inches 
long from a seed plate about 1% inches square by % inch thick. 
Each room was temperature-controlled to about 0.1°C, and air 
flow across each tank was carefully regulated to give uniform 
temperature-dropping conditions over all units. Starting tem¬ 
perature was about 46°C, about the upper limit for comfort of 
operators, and refrigeration was supplied as needed to insure a 
final operating temperature of about 20°C, independent of ex¬ 
ternal temperature conditions. 

On a big scale, it is possible to have the room itself kept at 
the appropriate temperature (e.g., not greater than the “thirties” 
centigrade) and lowered as required. In a recent paper (13) 
Baker has described such a method. The walls of a room in a 
cellar were well lagged, and the air in the room was heated and 
controlled thermostatically and then slowly cooled. Crystals of 
Rochelle salt were particularly sought, but the method would 
appear applicable to some other crystals as well. The room was 
10 by 9 by 7 feet and provided with an air-lock entrance. Lag¬ 
ging was with granulated pumice. Heating was by a 750-watt 
element with a circulating fan. The temperature lowering was 
from y 2 ° to 1°C per day. Solutions varied from 400 milliliters 
to 3 liters, and the surface was protected by a thin layer of 
paraffin. Carbon tetrachloride was placed at the bottom below 
the Rochelle salt solution but did not entirely prevent crystal 
growth, which occurred at the ring of separation between the two 
liquids. In one successful method a crystal was needed inside 
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a narrow space between two glass plates with the desired direc¬ 
tion {100} aligned parallel to the glass sides. In this way crys¬ 
tals of the appropriate shape for optimum piezoelectric effect 
could be grown. In practice, it was found better to use as little 
solution as was compatible with the size of crystal required. 

Crystals of 150 grams have been grown from 400 milliliters of 
solution. 

The priority for the above-mentioned method of seeding be¬ 
tween glass plates appears to belong to J. H. Christopher (U. S. 
patent 1,746,144 of 1930). 

Another method, although using the same graduated decrease 
of temperature daily as in Moore’s apparatus, incorporates some 
new features which have become standard practice in the pro¬ 
duction of large flawless crystals. It illustrates how necessity 
has hastened the normally leisurely tempo of research in this 
field of science, until recently regarded with no little disdain by 
workers in more “productive” fields of endeavor. 

This method is described by A. N. Holden of the Bell Tele¬ 
phone Laboratories (10, 12, 14). It was first used in the grow¬ 
ing of ADP crystals for submarine-detecting devices. After the 
war it was used in the laboratory preparation of EDT (ethylene- 
diamine tartrate) crystals. A constant temperature modification 
of this apparatus made by Christensen and Walker (U. S. patent 
2,459,869) was set up as a pilot plant and used, as a replacement 
for quartz, to supply large numbers of EDT crystals for use in 
telephone carrier systems. A commercial plant of this same 
design was set up by the Western Electric Co. and used to pro¬ 
duce one- to two-pound EDT crystals, with a capacity of about 
40,000 such crystals annually. 

Holden’s apparatus consists essentially of the following (Plate 
3): A cylindrical container is used, either of pyrex glass or stain¬ 
less steel, preferably about 1 foot in diameter and 18 inches high, 
and having a capacity of about 25 liters. A smaller container, 
6 by 16 inches, holding about 4 liters, may be used if the salt 
supply is limited or expensive. 

The cylinder is mounted on an electric hot plate consisting of 
two elements. A circular Nichrome element of about 30 watts 
capacity is located under the mid-point of the jar. A larger one 
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of 100 watts capacity is mounted 
inch from the outei' circumference 
is oi)C‘rated continuously to supply 


in an annular ring perhaps an 
of the jar. Tlie smaller heater 
heat to the center, thus mak- 



Pl.ATB 3. 
orijrinally 


\how of a rotary crystalIi;;or. s!)owing six EDT crystals, snch as 
used in 15(11 Tclcpliono La!)()ra(ori(\s by A. X. Holden. (Repro¬ 
duced with kind permission.) 


ing a thin layer of solution at this point iinsaturatcfl. Unwanted 
seeds fall to the bottom and arc swept to the middle in the vor¬ 
tex of the rotating system, and they dissolve in this hot layer. 
The larger heater is thermostatically controlled and maintains 
the tank temperature at any desired value. 
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A most striking feature of tliis apparatus is that of the ro¬ 
tating system and the crystal support “spider.” A central rod 
or tube, usually of methacrylate plastic or stainless steel, has a 
number of stainless steel wires or rods radiating horizontally 
from its surface. The crystal seeds are mounted on these rods. 
The spider rotates at a slow rate, about 5 to 15 rpm, depending 
upon the stability of the solution, and this rotation is continued 
for about half a minute in one direction, then reversed and ro¬ 
tated for an equal interval in the opposite direction. The motor 
drive of the spider is mounted on a stainless steel lid, and re¬ 
versal is by a remote control automatic switch in the motor 
circuit. The lid is sealed at the periphery by waterproof Scotch 
tape. Evaporation of the solution is a minimum, but water does 
condense on the underside of the lid. This drops back into the 
surface of the liquid, which is relatively unstirred. Thus the 
surface layer becomes unsaturated, and spurious seeds do not 
form here. Plate 4 shows an ADP crystal, perfectly grown, with, 

above it, one which has experienced three types of growth devia¬ 
tions. 

In growing ADP crystals, the process is carried out in two 
separate operations in this apparatus. The first of these is 
termed “capping” and makes use of 001 plates which are 
mounted on the spider so that motion of the liquid is across the 
cut faces, normal to the Z axis. When the natural pyramid faces 
are formed after but a few days, the growing operation is stopped 
and the capped seed plates are removed. The use of traces of 
Fe or Cr in the solution facilitates the capping operation, but 
these are highly undesirable in later bar-growing operations be¬ 
cause they induce the crystal to taper. 

The best of these caps are then remounted on the spider, this 
time with the points of the caps facing toward the solution, so 
that circulation is uniform over the growing 101 faces. The cap¬ 
ping operation is so rapid that occlusion of mother liquor occurs 
on the growing surfaces and gives the finished capped seed plate 
a cloudy appearance. Clear growth occurs only on the natural 
101 faces. Because growth does not occur on the prism faces, it 
IS a difficult problem to get the first crystal having a section more 
than 1 inch square. This requires constant reseeding from very 
small beginnings, and it usually takes about 6 months to go 
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I’l.ATK 1. Hf'low. a ptafccflv (l(‘\a'lopr(l ADP crystal. Above, ADP bar 
sliowiiiir laj*ciiut£ ends <lu(' to (‘\cess (’r'**. ('fc.; \('ils due to ina<l('(jnate 
stirriiiii; spurious sec’ds due to tin* labilf' condition of tin' solution beiiiK 
reavliod. (Heproducfal by kind ])(M'Uiission of Btdl Tcdeplione (’o.) 

from a seed of about ' ^ to inch in cross section, up to one 

1 -'4 inches in scctinn. Slice’s cut paralb’l to the 101 face grow 

flawlessly (Plate 5) without 

preliminary “capi)ing,” hut 

this type of seed is not of 

much advantage because it 

reeiuires particular accuracy 

in cutting tlic plates to the 

proper angle. If tlie angle 

is off by f)nly 1 °. the entire 

face of the seed becomes 

\’eiled until the natural 

Plate 5. ADP bar; Pj iriflics in cross angle is achieved. 

section by 3 inclw-s in leriiitli; -rown jj^ ADP, in- 

from a correctlv cut {101} plate in • 

^ , • , /!> crease in cross section can 

Bell Telej>hone laiboratories. (Ke- , 1 r 

produccl with kin.l permission.) expedited by the use of 

more alkaline soIutit)n. The 

primary ammonium phosphate lias a 7 >H of 3.6. If tliis is in¬ 
creased to about 5 by addition of ammonia, growth takes place 
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on all faces, but such solutions are more unstable than tlie normal 
ammonium dihydrogen phosphate solution. Thus frequent re¬ 
plantings are necessary. 

With EDT crystals the normal pH of the solution is about 6, 
and making the solution more alkaline does not help in the mat¬ 
ter of growth on the prism faces, although it does prevent a 
tendency toward tapering. The only way that increased cross 
section is accomplished is by choosing seeds with slightly imper¬ 
fect prism faces. Growth takes places on these as a result of 
strain and, with luck, one or two out of a dozen planted seeds 
Iieal on the growing, wedge end, so that an end seed can be cut 
off which is larger in cross section than the original planted seed. 
In this case it may take much longer than 6 months to go from 
an initial seed % inch in cross section to a useful section of 
about 2 by 3 inches. 

Anhydrous EDT crystals are stable above 40.6°C, and the 
mono-hydrate is stable below this temperature. The mono¬ 
hydrate does not have useful piezoelectric properties, and it is 
necessary to grow the anhydrous EDT above 41 °C. Thus the 
constant temperature crystallizer previously described is invalu¬ 
able in the growth of EDT crystals. In fact, it would appear 
that this is the most useful type of crystallizer devised up to the 
present time for the growth of large, nearly perfect crystals 
from solution. 

A method used industrially where very large crystals are not 
required, but rather a standard size of uniformly developed crys¬ 
tal, say ^4 or y> inch across, is that of the “Wulff-Bock” rocking 
trough (15). Long troughs, mounted on a set of circular or 
semi-circular frames, rest on wheels and are gently rocked, 
cradle fashion, by machinery. Metastable solution is paid in 
at one end at a slightly higher temperature and should grad¬ 
ually lose temperature and increase in supersaturation as it pro¬ 
ceeds along the trough. As crystals are assumed to be present 
during the process, crystal deposition and growdh occur without 
penetration into the labile state. However, in the rocking, 
masses of crystals get raised to one side and often slip back with 
a disturbing effect—by displacing a volume of solution. This 
causes a longitudinal wave of supersaturated solution to pass 
down the trough, and there is a risk of some of the paid-in solu- 
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tion reaching the other end too soon, becoming labile and de¬ 
positing a small meal-type crystal. It is found that this un¬ 
wanted movement can be avoided by placing baffle plates in 
suitable positions. For substances of average solubility, up to 2 
or 3 tons of crystals per day can be discharged in this way. An 
open-trough crystallizer used in America is the Swenson-Walker 
arrangement (16). It is very similar to the Wulff-Bock plant 
but has no rocking device. A water jacket external to the half- 
cylindrical containers (2 feet in diameter) allows for variation 
in the cooling rate and an increased speed of separation, since, 
in the Wulff-Bock arrangement, cooling is by heat diffusion to 
the atmosphere. Instead of a rocking device, the Swenson- 
Walker apparatus has a continuous spiral which agitates the 
solution, driving forward the crystals which gradually increase 
in size until expelled at the far end. The overall size of these is 
less than with the Wulff-Bock method, but a considerable in¬ 
crease in output is possible. 

Another method in use is the so-called “vacuum cooler.” 
Strong suction is applied to the air over the solution, and the 
evaporation effected causes a cooling of the entire solution. The 
low pressure is kept up until the desired result is obtained. It is 
obvious that volatile solvents, or water at, say, over 30°C, would 
respond to this evaporation treatment, but Griffiths (15) quotes 
the case of Glauber's salt, which is successfully grown in the 
vacuum cooler at a temperature as low as 2°C. 

Another commercial crystallizing device is known as the 
“Oslo” crystallizer and is described by Jeremiassen and Svanoe 
(17). Use is made of the Ostwald-Miers metastable range which 
for many salts is of the order of 1° to 3°C, though it may be 
much more for hydrated crystals. The former supersaturations 
represent from 5 to 15 grams per liter of solution. The solution 
is rendered supersaturated by evaporation in the upper part of 
the vessel, a of Fig. 22, where solution returning after discharg¬ 
ing its supersaturation excess on the crystals in e is pumped in 
and can attain the near-labile state in the absence of unwanted 
seeds which would clog up the apparatus. It returns down the 
vertical center tube and percolates up through the crystals which 
are in gentle agitation, sintering thus being prevented. The 
larger ones at the bottom are continuously evacuated from the 
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apparatus into m, where they are periodically withdrawn. New 
solution is fed in at t. AVith sodium nitrate, 60 metric tons per 
day was obtained at the expense of twelve horsepower. 

The growth of crystals in which the control is by way of low 
pressure or with abstraction by an agent known to absorb the 
solvent is one which is not difficult to stage in an ordinary labo- 



Fig. 22. The “Oslo” crystallizer. 


ratory. For ordinary low pressures, a water pump connected to 
a large desiccator may be used, whereas, in the case of water, 
the vapor is also absorbed by fused calcium chloride or concen¬ 
trated sulphuric acid. Frequently, with or without a first pump¬ 
ing out, the process is allowed to go on solely with the absorption 
of the solvent due to the desiccating agent. The growth of 
strongly hygroscopic substances such as chromium nitrate is best 
carried out in this way, and it is sometimes used when a uniform 
evaporation is required and where the atmospheric state is too 
fickle to rely on [e.g., AA^alcotUs work on the habit of barium 
nitrate crystals (18)]. 
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A recently designed arrangement employing evaporation is 
that described by Robinson (19) to the Faraday Society meeting 
at Bristol (April, 1949). Lithium sulphate monohydrate has a 
slight negative temperature coefficient of solubility, so that some 
evaporation method is essential to insure precipitation. A 35- 
liter Pyrex vessel (the scale is described as being still “labora¬ 
tory” rather than “industrial”) has a deep cover which acts as 
a reflex air condenser for the moisture evaporated. The latter 
runs down a system consisting of a Perspex baffle concave to the 
solution and perforated to allow a thermometer through it. 
There is a hole in the center for the rotating rod. Vapor finds 
its way out round the baffle and condenses on the sides of the 
cover, whence it runs into an annulus the size of the inner walls 
of the vessel where it is trapped. Any great depth of water in 
the annulus, such as when the evaporation is excessive, will cause 
water to return to the bulk of solution. As it can be tapped from 
the outside, this provides a means of regulating the rate of 
evaporation and so of crystallizing. The whole is well lagged 
to solution level by a controlled-temperature water jacket and 
a large thickness of felt. The crystals are mounted, as in Hol¬ 
den's method, on rotating vanes. 

The production of enormous crystals of potash alum has been 
staged for the past thirty years by Messrs. Peter Spence and 
Sons, of Farnworth, near Widnes, Lancashire, who have em¬ 
ployed a highly skilled workman, William Bounds, who has 
devoted an appreciable part of his time to the growing of per¬ 
fectly shaped octahedra of the different alums. Hundreds of 
these, some of them a foot or more along an edge and most of 
them at least 4, 5, and 6 inches, have found their way to all 
parts of the world for exhibition purposes. They are of a quality 
sufficiently homogeneous for the majority of phj^sical experi¬ 
ments which might be conceivably tried out on them but, as is 
common with most alum crystals, have traces of opalescence 
which would render them unfit for optical utility. Cubes of 
alum up to 6 inches across, grown in the presence of alkalis, 
have been seen by the author. One crystal, resting somewhat 
neglected in a corner of the workshop, merits special attention. 

It is a huge octahedron, of perfect outline, though the outer sur¬ 
faces are getting slightly worn after long standing, and it has 
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an edge uniformly 20 inches in length all over it. A simple 
calculation will show that the weight of this crystal is in the 
region of 240 pounds. It is a safe guess that it is one of the 
world’s biggest artificial crystals. The method adopted is that 



of starting with seeds, of as perfectly regular shape as possible, 
which are placed at the bottom of a large tank A (see Figs. 23a 
and 236). The solution in here is, to begin with, just saturated, 
as IS the “waste” overflowing into C. In the continuous process' 



Fia. 236. Layout of alum crystals on tank bottom. (Messrs. Peter 

Spence, Widnes, England.) 

a portion of perhaps 10 to 20 gallons is withdrawn from C and 
filtered, and several pounds of fresh alum powder dissolved in 
It to render it supersaturated but not labile. This is stored in 
one of the tanks, Bi or B-j, these being used alternately. The 
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supersaturated solution in is slowly trickled into Aj the super¬ 
saturation decreasing considerably but being still sufficient to 
promote further growth on the seeds in A. An overflow from 
A to C is provided, and this also catches most of the additional 
seeds formed at the surface by evaporation and drops them into 
C. Constant care and attention, with turnings over into more 
suitable positions at intervals and a patience and skill which can 
scarcely be matched, have enabled Bounds to grow literally thou¬ 
sands of these crystals, a testimony also to the broadmindedness 
of the firm’s management. The relationship of this method to 
the recently developed constant temperature rotary crystallizer 
of Walker and Kohman at the Bell Telephone laboratories is 
not difficult to see. 

Rock Salt from Aqueous Solution 

A method of growing crystals from brine, clearer and bigger 
than normally obtained from small quantities of solution, has 
been described by Gibbs and Clayton (20). According to these 
authors, brine originally having a pH of 6.9 to 7.1 is rendered 
more alkaline by boiling, which removes any CO^ present. 
Crystals from such alkaline baths are octahedral in habit, 
whereas those grown from acid brines are cubic, but both sorts 
are characterized by their whiteness and opacity. It was found, 
however, that, when 0.1% sulphuric acid (minimum value 0.02%) 
and 0.1% lead nitrate (minimum value 0.006%) were added to 
a brine solution, crystals of exceptional clearness and transpar¬ 
ency up to 6-millimeter cube edge were obtained when the tem¬ 
perature of the solution was not less than 70°C. The crystals 
are not absolutely pure, since analysis shows that there are about 
270 parts of lead per million present. Furthermore, a good 
specimen being singled out, this could be suspended in a similar 
solution under the same conditions and grown up to 3 centi¬ 
meters across. Physical tests and X-ray analysis found them 
to be identical in properties and structure with the best rock salt 
crystals, in spite of the small lead content mentioned above and 
universally present. 

Although the method has been found to work only with com¬ 
mon salt and the lead ion (other lead salts besides the nitrate 
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were found to be suitable!, there may be similar pairs waiting 
to be discovered. 

More Difficult Preparations 

The cited case of gypsum crystals separating after the release 
of pressure on the solution (21) gives an indication of possible 
methods of preparation of substances which are too sparingly 
soluble to be obtained otherwise. Many ingenious methods have 
been brought to light, some known for over half a century. For 
instance, quite a useful summary of these methods was given in 
a book, Chemische Krystallographie, by Andreas Fock (22) 
published so long ago as 1895. Here, it is mentioned how de 
Senarmont prepared artificial crystals of barytes by heating 
powdered BaS 04 with HCl or NaHCOs solution in a sealed tube, 
at 250°C for 60 hours; similarly bismuth sulphide, Bi 2 S;j, is 
changed to the crystalline bismuthite by heating with potassium 
sulphide. Again, the product of the reaction between two very 
soluble substances may be itself insoluble and visible crystals 
be normally impossible to obtain. Various methods are known 
of causing the very gradual mixing of the soluble components 
so that the first formed “labile” seeds will grow as far as pos¬ 
sible in a metastable solution. Naturally under such conditions 
growth will be very slow. An example of this is in the prepa¬ 
ration of crocoite, PbCr 04 , by placing two tall cylinders filled 
with the component solutions and both immersed in a larger 
cylinder. Membranes are not so suitable for this type of growth 
as they tend to get clogged with small crystals. Many artificial 
minerals have been prepared since Fock’s time, as the abstracts 
columns of the Zeitschrijt fur Kristallographie and mineralogical 
publications will show, but the main purpose of this chapter is 
the introduction to the reader of a number of typical methods 
successfully employed in the growing of large—and in so far as 
possible perfect—single crystals for special purposes. Most of 
the minerals prepared from an aqueous solution, while not with¬ 
out theoretical interest, are far exceeded in size and perfection 
by their counterparts in nature. This is especially true for 
barytes, quartz, calcite, gypsum, and other common minerals. 

However, interest in the growth of sizable quartz crystals has 
revived recently because of its need in communication equip- 
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merit, where it is truly indispensable and because the supply of 
Brazilian quartz is limited. A short survey of methods—ancient 
and modern—which have been tried by various investigators 
will not be inappropriate for concluding this section on crystal 
growth from solution, the latter being liquid or gas according to 
the proportion of materials (including water) to the total vol¬ 
ume of the cavity before the experiment begins, and to the tem¬ 
perature reached. 

de Senarmont (23) in 1851 added quantities of dilute hydro¬ 
chloric acid or carbon dioxide to gelatinous silicic acid and 
heated it to between 200° and 300°C. He obtained microscopical 
crystals of the same habit as natural ones. An earlier reference, 
in Groth’s Chemische Krystallographie, Vol. 1, cites one Schaf- 
hiiutl as heating freshly precipitated silicic acid in a digester 
for 8 days and obtaining hexagonal bipyramids of quartz. The 
reference given is Munchener gelehrte Anzeigen^ 1845, 578, but 
the author has been unable to contact it. It may be the earliest 
effort in this direction. About this period, Daubree (24, 25) 
found that glass, heated to 400°C in the presence of water, 
yielded quartz crystals up to 2 millimeters long. As quite small 
quantities of water will suffice, Daubree concluded that, over 
the critical temperature of water, the vapor has properties simi¬ 
lar to those of the liquid. Other workers have dealt with the 
subject from time to time down the years, but until we come to 
the work of G. Spezia (26) no marked progress has been noted. 
In a high-pressure bomb, Spezia placed quartz fragments in a 
silver basket in the upper portion, with the seed crystal below. 
His supersaturation was obtained by a temperature gradient, 
varying from 350°C at the top to 200°C or so at the lower end. 
Quartz fragments gradually dissolved and built up on the crystal 
in the cooler part of the enclosure. Growth was uniform but 
too slow to be of commercial value. 

For about 12 years before the time of this writing, Nacken 
(27) worked on the same problem with a fundamental difference 
in the method of transfer of silica. He made use of the large 
difference in solubility in alkaline solutions of crystalline quartz 
and amorphous silica, at the same time reversing the positions 
of quartz crystal and dissolving vitreous silica, the former being 
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nearer the top of the cavity. Rapid increase in size of the seed 
crystal occurs in the first 24 hours, but afterwards growth falls 
off to 0.001 inch per day (i.e., practically to nothing). This is 
due to an inherent weakness of the method itself, for the vitreous 
silica is about ten times more soluble than quartz, so that the 
rapid onset of a supersaturation of about lOOO^c occurs: hence 
the initial burst of active growth. But such a supersaturation 
cannot be tied down indefinitely, so that metastable conditions 
no longer prevail and quartz—the stable solid phase hereabouts 
—deposits wherever it can; on the walls of the container and 
on pieces of amorphous silica, the latter process being referred 
to as devitrifying, although the process is not a change from 
silica to quartz in the solid state. To promote further growth 
by this method, a restart with new materials is necessary. A 

V 

similar method was studied by the M'oosters (28, 29) independ¬ 
ently during the war years. They tried methods similar to 
Nacken’s, using the same differential solubility to achieve super¬ 
saturation. Like Spezia, but unlike Nacken, they usually held 
the quartz seed in a position below the amorphous silica. Like 
Nacken, as little variation in temperature as possible from 
374.2°C, the critical temperature of water, was the ideal. A 
preliminary filling to round 30^^ total cavity volume at ordinary 
temperatures was sufficient to fill the whole at the critical tem¬ 
perature. The Woosters added a mineralizer (e.g., acid potas¬ 
sium fluoride) which, they state, has a tendency to hold back 
the devitrification (i.e., overwhelming deposition from the labile 
state). They consider the chemistry of the growth cycle to be 
obscure, alkaline silicofluorides being produced, suggesting inter¬ 
mediate reactions. Swinnerton, Owen, and Corwen (30), using 
NaCl as mineralizer at pH 10, arrive at similar conclusions. 

In a recent paper (31) Friedman has shown how the super¬ 
saturation range of quartz in water, in the system HsO-SiOo- 
Na20 is considerably increased by increasing the alkali content 
so that, for example, at 400°C, 10 cubic centimeters of a 5% 
Na20 solution will dissolve 1.6 grams of quartz. Friedman calls 
the method of differential solubility “impracticable and basically 
unsound.” In the author^s view, the excessive solubility of 
vitreous silica over quartz appears to be the main reason for 
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this impracticability with quartz. In any system where the 
different solubilities were, say, only a few per cent, the method 
might be expected to work. 

In a recent letter to Nature (32), Barrer gives a bibliography 
of many of the efforts at quartz crystallization, including one of 
his own in which silicic acid and sodium or potassium carbonate 
solution at 350° to 390°C is used. 

In the most successful method to date for the preparation of 
quartz crystals of commercial size, Walker (33) describes his 
procedure which is related to this increase in the supersaturation 
range. In a private communication to the writer, Walker clears 
the way by distinguishing what is speculative and what funda¬ 
mental. In the earlier category he places all views on “mineral¬ 
izing effect” by various substances which lead to other ideas 
such as chain reactions. He considers the kindred methods of 
both Nacken and the Woosters to be impracticable from the 
point of view of growing large clear crystals and harks back to 
Spezia in two particulars: the use of quartz fragments, and a 
temperature gradient for providing the required supersaturation. 
Nothing is needed but alkali, water, and quartz grains. The 
cavity is filled to 80% its capacity with 5% to 10% sodium 
carbonate solution, so that when heated to 400°C enormous 
pressure is developed (15,000 pounds per square inch is quoted). 
The bottom of the bomb is at 400°C and the top at about 20°C 
less. The crystal is kept in the upper, cooler portion, but the 
writer is in possession of a photograph showing eight seeds of 
quartz growing simultaneously on a vertical frame, the upper 
crystals being rather the bigger, as one might expect from their 
position in the temperature gradient. By this method, reason¬ 
ably large additions in a matter of days can be made to good 
quartz seeds (e.g., 0.1 inch per day). Crystal seeds 12 grams in 
weight have been grown to 150 grams in 2 to 3 weeks. It can¬ 
not be doubted that this, the simplest method of all, has the 
greatest future for quartz production. Two typical crystals 
grown by this method are shown in Plate 6. 

Many similar experiments with other silicates have been car¬ 
ried out, and the presence of limited quantities of water, with or 
without mineralizers, at temperatures near the critical for water, 
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renders the resulting mixtures or solutions difficult to classify. 
The boundaries between solutions—in liquid or gaseous form—■ 
and melts wear rather thin here. VCe will now proceed to those 
crystallizations which are undoubtedly from the '‘melt.” 



Plate 6. Two crystals of quartz, natural size, grown from seed crystals by 
A. C. Walker’s method in Beil Telephone Laboratories, the crystal at the right 
from a {lOTlj plate. (Reproduced with kind permission.) 

CRYSTALLIZATION FROM MELT 

Tammann’s Method of Growing Single Crystals of Metal 

It is well known that metals as a rule only supercool slightly 
and any rapid cooling is attended by the formation of myriads 
of small crystal grains each of which then extends independently 
of its neighbors until it begins to contact them and compete for 
the residual melt. As most metals have fairly high temperatures 
of melting, cooling in the air or any other form of quenching 
will lead to this type of growth. However, if the supercooling 
is regulated carefully, there are fewer seeds formed, and it was 
found by Tammann that when a melt with a slight degree of 
supercooling is confined to a long narrow tube, with further 
slight cooling at one end, although several seeds might develop 
they would all be differently orientated, and, as certain direc¬ 
tions are more suitable for the rapid extension of the crystal 
than others, provided the tube is long enough, one of the several 
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seeds developed at first would have had the opportunity to go 
ahead in the tube and squeeze to one side all the other competi¬ 
tors. The narrower the tube, the shorter is the length of tube 
needed, since it is statistically very likely that there will be 
fewer competitors in the narrower tube. Tammann (34) first 
did what now appears the obvious thing in our present state of 
knowledge (viz., constructed a tube of uniform cross section and 
tapered out to a fine capillary at one end). The undercooling 
was kept very low, and not until the seed had formed and filled 
the capillary was cooling in tiie wider tube permitted by a 
further slight lowering of the temperature. Usually, then, the 
single crystal which had survived the race along the capillary 
would act as seed for the larger bulk and one single crystal would 
result, although this did not invariably happen. If cooling were 
too rapid, other seeds would form in advance of the main crystal, 
and the rod would consist of several large crystals instead of one 
bigger single crystal. The method has been used by Block (35) 
in his extensive experiments on the change in volume on solidi¬ 
fication from the molten state of a large range of low-melting- 
point organic compounds. He observed that, when tlie super¬ 
cooling was of the right order to give one large single crystal 
along the length of the tube, all the impurity dissolved in the 
melt was repelled at the solid-melt interface and, where the 
impurity was colored, the zone of melt containing excess of it 
could be seen advancing in front of the solid crystal. As a 
rule, if the crystal were remclted and put through the same 
process a second time, the purification would have gone on so 
far that the crystals would mostly register their true melting 
point. Many improvements in the technique of tiiis original 
method of growing single crystals of metals or other substances 
from the melt have been recorded since this early design, chiefly 
with a view either to insure that only one single crystal is indeed 
formed in the process or to grow a single crystal with some 
selected orientation in the latter in relation to the axis of the 
crystallizing tube, and also to improve the conditions governing 
detachment from the sides of the containing vessel, as any great 
force will have a deleterious effect on the crystals, these being 
very susceptible to strain. The different departures from the 
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early design of Tammann will be dealt with in approximately 
historical sequence. 


The Method of Obreimov and Schubnikov (36) (Fig. 24) 

In this method, the crystallizing tube A is vertical and is 
tapered at the bottom to a capillary point. It is evacuated l)y 
means of a pump at its upper end. The 
winding of Nichrome, C, is around a 
porcelain tube and is lagged with kie- 
selguhr in the spaces shown at D, D. 

A copper tube B is interposed between 
A and C to even out the temperature. 

After melting and evacuation of gases 
at the top, the narrow point is cooled 
by a jet of cold air at E and, when 
solidification has proceeded sufficiently 
along the capillary, the furnace is 
slowly cooled, the tube remaining sta¬ 
tionary and in situ to the end. This is 
the chief point of difference between the 
method of these authors and that of 
Bridgman, which will now be described. 

Bridgman’s Method (37) (Fig. 25) 

Here the principle of the seeding of 
the contents of the wide tube from a 
lone seed which has survived from a 
length of narrow capillary tubing is 
adhered to, but the tube and its contents 

are cooled by lowering gradually into the cool air or, occasion¬ 
ally, into some cooling bath of oil, the lowering being done 
mechanically and sufficiently slowly to allow the heat of solidi¬ 
fication to dissipate. The lowering, too, should be slower than 
the velocity of crystallization in the direction of the tube, other¬ 
wise portions of the melt will be forced to take on the solid 
(crystalline) state before the orientating influence of the ad¬ 
vancing crystal face has reached the neighborhood and a dif¬ 
ferently orientated new crystal will be formed. Bridgman’s 
original article describes a tube something like Fig. 25. It is 



Fig. 2i. Metal single crys¬ 
tals—method of Obreimov 
and Schubnikow. 
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prepared for the experiment by pouring in a heavy paraffin, 
washing with a light paraffin, and allowing to drain. This helps 

the solidified metal to detach itself 
the more readily. The metal is first 
introduced in the most appropriate 
solid form to the tube portion B, 
which is then heated and blown so 
that a further glass tube A can be 
affixed. A lower compartment C 
houses the melt at the beginning of 
cooling, C is constricted to a capil¬ 
lary D, the junction of C and D be¬ 
ing narrower than the average width 
of D. The metal is melted (he used 
bismuth at first) while the tube is 

lying horizontally and a thorough 
evacuation through A is carried out. A is then sealed off and 

the contents of A run into the C-D system. The quantity should 

be adjusted so as nearly to fill C. Heating is to a tempera- 
ture between 50® and 100®C 



Fio. 25. Metal single crys¬ 
tals—Bridgman’s crystalliz¬ 
ing tube. 


above the melting point. Low¬ 
ering of the tube and con¬ 
tents then begins, crystalliza¬ 
tion starts in the fine capillary, 
and the selective action of the 
latter causes the crystallization 
of one large crystal with the 
shape of the tube. Bridgman's 
method has the advantage over 
Czochralski's (below) in that 
much wider specimens can be 
produced. In the case of bis¬ 
muth, a cylinder 2.2 centi¬ 
meters wide needed the slow 
rate of 4 millimeters per hour. 
In the case of very narrow 
cylinders speeds up to 60 centi¬ 
meters per hour could be per¬ 
mitted. 
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Using a similar apparatus, Davey (38) obtained a copper 

single-crystal cylinder 6 inches in length and (4 inch in diameter. 

A refractory material was substituted for glass and the furnaces 

modified for the higher temperature. Aliss C. F. Elam (39) 

also used the latter modification for growing large crystals for 

her numerous tensile tests on copper, silver, and gold. Another 

modification was that of Dillon (40) (Fig. 26) in which the tube 

B of Fig. 25 is taken out and placed at the side, between A and C. 

The tliree rectangular axes, OA', OY, and OZ, are placed near 

the sketch to get a clearer idea of the layout. Side tube A and 

pump lead J are parallel to OF; the bend above B is parallel 
to OX. 

The general direction of Dillon’s modification is the same as 
the original. He used it principally with simple crystals of zinc. 
In an effort to obtain bismuth crystals with the trigonal axis 
as nearly parallel to the axis of the cylinder as possible, Kapitza 
tried several methods, among which one could be described as 
of the Bridgman type. His bismuth was contained in a capil¬ 
lary tube about 1 millimeter in diameter which rested on an 
orientated flake of bismuth at the bottom of the tube. The 
heating was done by a helix of platinum wire coiled round the 
glass tube and almost in contact with it. When all was ready, 
cooling was started by raising the heater; in this respect the 
method differs from the Bridgman principle. 

The Bridgman method was also adapted by Quimby (41) to 
obtain single crystals of nickel. The high-temperature layout 
is shown m Fig. 27. A fused quartz tube D, 28 by 5^ inches, 
has a clear quartz window Q at the top to allow the use of an 
optical pyrometer. It is sealed to a steel base plate N by a 
vacuum-tight joint. Tap grease is used to do this and is pro¬ 
tected from the heat by a system of 3/^.inch copper tubing 
through which water runs (shown in the sketch as small circles). 

ext inside the quartz tube is a radiation trap C made of an 
alundum furnace core 3 inches across. This is followed by an 
alundum tube 24 by 2 inches wound with molybdenum wire 
around Its upper 9 inches. After this is a 1-inch alundum tube 
10 inches long also wound with molybdenum wire. The space 
between these two tubes is filled with powdered alundum to 
prevent arcing between neighboring turns. The crucible E is 
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a molded mixture of refractory cement and alundum powder, 
seated in an iron tube, the latter in turn on a porcelain tube 
which rests on the surface of a mercury column which can be 
raised or lowered at any desired speed' Helium is introduced 
into the apparatus and the contents then evacuated to 1 milli- 



Fig. 27. The Bridgman method 
—Quimby’s high-temperature 

modification. 


meter or less of mercury. The tem¬ 
perature is raised to over lOO^C 
above the melting point and the 
melt lowered in the usual way. 
Procedure is then after the “Bridg¬ 
man” style. Nickel crystals 4 to 
6 millimeters in diameter and 6 
centimeters long were grown. 

With the same kind of appa¬ 
ratus, Gwathmey and Benton (42), 
using a bored graphite rod with 
external measurements 9 by 1 inch 
and with an internal diameter of 
% inch for 5-inch tapering to a 
point, obtained large single-crystal 
copper rods with dimensions of 5 
to 6 inches by y, inch or over. 

Another recent modification is 
tliat described by Nix (43). A 
copper tube 36 by 4 inches is the 
exterior and can be highly evacu¬ 
ated. A nickel reflecting shield is 
interposed between this and the 
heater to protect the copper which 


is further cooled by a water jacket. 
Instead of the quartz window of the apparatus earlier described, 
there is a Pyrex window, followed by a second window in glass. 
Nix has successfully grown crystals of a copper-gold alloy 7 by 
3 inches. Further details will be found in the article (43). A 
lowering rate of 2% inches per hour was found suitable, though 
copper could be lowered much more rapidly. In Davey’s paper 
(38) he states that his single crystals of copper usually grew 
with a cube axis parallel to the axis of the cylinder. In many 
cases, the orientation of the resulting single crystal is not that 
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desired by tlie investigator. Bismuth usually grows so that the 
(111) plane, (0001) in Bravais-^Millcr indices, is iiarallel to the 
axis of the cylinder, a rotation about the latter being possible but 
making no difference to the final crystal. Small angles to this 
preferred orientation are permissible l)ut, for bismuth, crystals in 
which (111) lies across the axis cylinder, have not so far been 
prepared. An ingenious device of Palibin and Froiman (44) en¬ 
ables this to be carried out. A glance at Fig. 28 will show the 
principle. In place of the usual 
Bridgman tube tapering to a capil¬ 
lary, the capillary has a small 
spherical bulb sealed over it. 

Owing to the tendency of metals 
to solidify on cooling with col¬ 
umnar-type crystals radiating in¬ 
wards from the external surface, 
one of these, A, will point directly 
into the mouth of the capillary, and 
this will be the one which has 
started immediately below and 
has its (111) planes horizontal. As 
this will be the only seed when 
conditions are adjusted, the same orientation will persist along 
the wider tube. The second figure shows how, in addition, any 
other desired orientation B can be obtained by regulating the 
angle of the capillary to the axis of the wider tube. 

So far, in our description of the various modifications of the 
Bridgman process, metals have been the subject of investigation. 




^ A 

Fig. 28. Orientation of single 
ciystal in tube. (Palibin and 

Froiman.) 


However, in the original simple Tammann arrangement, easily 
fusible organic substances were those chiefly grown, and there 
is nothing to prevent the Bridgman method being used elegantly 
in this way too. The writer was sent a sample of boric acid 
grown by this method by Prof. C. H. Desch some years ago. 
One worker has described a modification which he used to grow 
large inorganic crystals from the molten condition. Stockbarger 
(45) used the inorganic salt lithium fluoride in his experiments. 
The crucible was made of platinum with double walls welded 
together to prevent leaks through small holes. It may be up 
to 3 inches across but tapers toward the bottom. 
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Stockbarger, in his detailed descriptions, does not mention 
whether there is orientation of the large single crystals of LiF 
or CaFo, though the presence of this feature would be an impor¬ 
tant one during their subsequent processing. For, since the 
constriction, present in the usual “Bridgman’' lowering method, 
where differently orientated seeds “fight it out” until one of 
them assumes superiority over the others and seeds the remain¬ 
ing bulk of the melt, is not used, it would appear as if some 
other feature of seed formation were favoring the building up 
of one single crystal. To the writer, there are two obvious pos¬ 
sibilities, once it is allowed that the tapering of Stockbargcr’s 
crucible is itself inadequate to do the “trick”: (a) there is 
orientation along the vertical lines of maximum heat flow of 
one or another of the crystal’s directions of maximum heat con¬ 
ductivity (e.g., zone axes [111], [HO], [100]), somewhat after 
the manner described by Stober (later in this Chapter); (b) 
the metal supporting rod is turned thin and made to lie flush 
with the top of the cement support for the crucible. Being 
metal, this will cool the spot immediately above it, at the very 
bottom of the crucible, on the principle of Nacken (later in 
this Chapter), only inverted. As it is a small area that is thus 
cooled, perhaps there may be only one seed developed in this 
manner. However, Stockbarger mentions different crucible 
holders with the distances between metal rod and base of 
crucible varying, so that this explanation would not always be 
a possible one. Should the crystal lie with a [111] axis ver¬ 
tical, conditions would be ideal for the production of fluorite 
twins. It would be interesting to know whether these are ever 
encountered, or does the advancing wall between the two phases 
so scour the melt of impurities that, coupled with good tempera¬ 
ture regulation which avoids areas of varying heat, conditions 
are not favorable for their formation? Cooling is obtained by 
lowering, but a departure from standard practice is that of hav¬ 
ing two separate furnaces, the upper one being the hotter and 
at a temperature able to keep the substance liquefied in the 
crucible. The lower furnace is separated by a baffle from the 
upper with just sufficient room to allow the crucible to be low¬ 
ered through. There is thus a sharp non-linear temperature 
gradient between upper and lower sections and, when this is 
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found suitable by trial and error and related to the lowering 
speed, good single crystals of lithium fluoride up to 3 inches in 
diameter, valuable for their optical quality, are obtained with 
a lowering speed of 1 millimeter per hour. Since, when formed, 
the crystal remains at a temperature only a little below its 
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Fig. 29. Stockbarger’s arrangement for LiF crystals grown at atmospheric 

pressure. 


melting point, there is no risk of fracture by sudden cooling or 
serious strains, provided that cooling to normal is also very slow. 

Stockbarger (46) later describes modifications in which LiF 
single crystals up to 6 inches across, and highly transparent and 
flawless, can be obtained. Particular attention must be paid to 
the purity of the raw crystalline material, and full details to 
achieve this purpose are given, as they are in a subsequent de¬ 
scription of the preparation of large fluorite crystals for optical 
purposes. For the latter, since hydrolysis is so marked at higher 
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temperatures, a vacuum furnace is designed, with a turned 
graphite crucible with a lower limit of about 0.03-inch wall 
thickness, and the heating is done by a graphite heater. The 
general principles remain the same. Figure 29 shows the atmos¬ 
pheric pressure outfit. It is self-explanatory. 

It will be seen, then, that the Bridgman method as described 
at first, with various subsequent modifications, is an excellent 
general method for growing single crystals from the molten 
phase right up to the temperature of molten nickel. Other 
methods have been tried out for a number of different purposes, 
and of these that of Kapitza is most closely related to the last 
methods described. 

Kapitza’s Method (47) 

Kapitza used the Bridgman method to get single crystals of 
metals but could not get these with the orientation he desired, 
even by seeding with a crystal of known orientation. This he 
attributed to the expansion of about 3% during crystallization, 
which caused strains. To eliminate these, in the case of bis¬ 
muth, the rod was placed on a thick copper plate and protected 
from drafts at top and sides by glass plates. It was then care¬ 
fully melted, without its losing its original shape. The narrow 
end of the rod was seeded at the desired orientation, and the 
latter was found to persist when, with bismuth, the crystalliza¬ 
tion speed was about 7 to 10 centimeters in half an hour. 

Kapitza’s method of allowing room for the expansion occur¬ 
ring with some metals on crystallizing was taken up and modi¬ 
fied by Cinnamon (48), who used zinc. The mold, which con¬ 
sists of asbestos 30 centimeters long, 1 centimeter deep, and 
varying from 1.5 to 0.9 centimeter across has the shape in plan 
of Fig. 30. There is a loose but perfect-fitting cover, also of 
asbestos, and the assembly is baked for 6 hours before use. 
Chrome-alumal thermocouples are spaced every 10 centimeters 
with junctions just below the level of the mold. A zinc slab 
weighing 285 grams is melted in one piece at 52°C. Slight agi¬ 
tation brings the oxide film to the surface, where it is skimmed 
off. The melt is poured into the mold through a hole in the 
cover, a funnel of oxide first forming and this guides the 
remainder of the underlying clean melt into position. If a seed 
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of particular orientation is used, it is placed in the correct posi¬ 
tion partly in and partly out of the melt at the end of the 
narrow tube. The latter is then cooled at the end by a blast 
of air and later on the whole furnace slowly cooled. As shown 
in Fig. 31 schematically, there is a succession of heaters A, B, 
C, Dj Ej which can all be switched independently. The prog¬ 
ress of the seed along the capillary, selection, if necessary. 



Fig. 30. Cinnamon’s cr>'stallizing tube (Kapitza’s method). 


taking place at a constriction, follows then the usual lines of 
crystallization by previous methods. Some seeds produce mosaic 
crystals (lineages) where they join the melt, and the mosaic 
will be propagated throughout the length of the tube. A high 
temperature gradient in the narrow tube often eliminates the 
mosaic. There are different optimum temperature gradients for 
the different orientations of a crystal in the cylinder, as the 
latter will have different rates 
of growth. Slight modifica¬ 
tions in Cinnamon's arrange¬ 
ment are detailed in a later 
paper (49), Control by ther¬ 
mocouples was increased so 
tiiat the temperature of each 
5 centimeters along the mold 
was known. The temperature 

j. , . , . Img. 31. Cinnamons furnace. 

gradients imposed on various 



5-centimeter sections varied from 3.4° to 12.0°C per centimeter; 
the rates of growth were from 0.07 to 0.34 centimeter per minute. 
The crystals of zinc grown were from 5 to 60 centimeters in length 
and 1 square centimeter in cross section. Cinnamon adds a word 


on the perfection of his crystals grown in this manner. Of 81 


specimens grown, 42 grew as mosaics from a mosaic development 
in the capillary and 39 left the capillary as “ideal” single crystals; 
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of the latter, 31 changed in the larger cylinder to various mosaics, 

4 continued as “ideal” single crystals to the limits of the mold, 

and 4 did the same except that there was a change in direction 

(i.e., a twin operation) somewhere along the length of the 
mold. 

A method employed by Andrade and Roscoe made use of a 
similar dissecting of the furnace windings (50), so that seven 
independently controllable sections could be operated, though 
their metal wire was differently mounted, being encased in a 
liard-glass cylindrical tube in vacuo. Later they preferred to 
draw a narrow furnace across tlie specimen by means of a low- 
geared motor. Only a short section of the wire was melted at 
any given time, and the speed of recrystallization, governed by 
that of tlie traversing furnace, was found to be very important, 
tliough efforts to evolve an expression which would cover the 
relationship quantitatively met with indifferent success. The 
latter process is reminiscent of McKechan's (73) for the pro¬ 
duction of single-crystal iron, though the one is crystallization 
from the melt and the other recrystallization in the solid. 

A modification of the heating arrangement was brought in by 
Graf (51), who used an induction furnace both for the heating 
and, by regulation, for the slow cooling of the melt. These were 
contained in cylindrical tubes and were sometimes seeded for 
particular orientations of the crystal, and sometimes the growth 
was started in a capillary constriction, as in the early Tammann- 
Block method. 

Saciis and Weerts (52) also describe an arrangement using 
Bridgman’s method. 

The next arrangements to be described show a distinct de¬ 
parture from those previously described, all of which had fea¬ 
tures in common. We shall begin with a description of the 
earliest of these. 

Czochralski’s Method (53) (Fig. 32) 

Originally designed to measure the speed of crystallization of 
different metals, Czochralski’s apparatus soon found its greatest 
use in the formation of single-crystal wires of various metals. 

In the original set-up, a narrow glass tube is blown to the shape 
of M (Fig. 32a) with a hook made by turning over the molten 
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glass at the top and a capillary entry at the bottom which is 
better illustrated in Fig. 326, very much magnified. The lifter 
M is raised by a silk thread F passing around a pulley F" and 
working through guiding slots F\ It functions through a clock¬ 
work mechanism [/. There is a millimeter scale beliind the 
thread F and attached to the stand S. The lifter M is first of 
all plunged slightly into the melt (Sch) after this has first been 



Fig. 32. Czochralski’s method for single-ciystal wires, (a) Lifter described 
by Gzociiralski. (6) Magnification of tube M. (c) Junction of lifter 

and wire. 


well melted and subsequently cooled practieally to the melting 
point. There will be a column of molten metal drawn into the 
lower end of M in accordance with the well-known laws, and 
soon the portion shaded in Fig. 32c will become solid. A gentle 
lifting up further will cause another length of the eolumn to 
freeze. Actually the frozen part gradually extends vertieally 
downwards from the mouth of the capillary, and the erystalli- 
zation does not occur in jumps but is slow and continuous. The 
distance from the bottom of the growing rod to the surface of 
the melt must never exceed the height corresponding to the 
capillary force and density of the metal in question, else the 
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column will rupture. Thus the rate of withdrawal must be 
strictly equated to the velocity of crystallization, this being 
different for different metals. Provided, also, that there is no 
preferred orientation of the crystal lattice in the first (capillary) 
crystallization, then every differently orientated crystal seed in 
the capillary end of M would require theoretically a different 
value of raising even with the same substance. In practice, 
the slowest ascertained speed of raising would be the safe one 

to adhere to. Czochralski found, with 2°C undercooling, the 
following relations: 



Melting 

Growth 

Diameter, 

Length, 


Point, °C 

Speed 

mm 

mm 

Tin 

232 

90 

0.2, 0.5, or 1 

150 

Lead 

320 

140 

0.2, 0.5, or 1 

120 

Zinc 

416 

100 

0.2, 0.5, or 1 

190 


The wire thickens if the speed of withdrawal falls far short of 
the optimum, and, consequently, where the regulation of with¬ 
drawal is not too good, the wire, although a single crystal, will 
tend to be variable in diameter. 

Czochralski’s method was modified somewhat by von Gomperz 
(54) (Fig. 33). The metal was held in a fused quartz tube, 
22 by 4 centimeters and covered with mica M, in which a small 
hole was placed centrally, this being to prevent excrescences 
being drawn up by the wire from the surface of the melt. The 
lifter was a solid pin of metal, bored with a fine hole at its base 
and connected to a metal tube T running snugly through a 
close-fitting glass tube G until engaged in the rollers used to 
lift it. The capillary is di|)ped, the drawing-out begun, and the 
surface of contact cooled by nitrogen blown into the system. 

Almost the same modification was used by Mark, Polanyi, 
and Schmid (55), but they vary the cooling somewhat (Fig. 34) 
by leading the cold nitrogen straight to the point of solidification 
instead of letting it pass by with less local cooling as in Gom- 
perz’s apparatus. They also enclose the whole furnace and 
crucible contents in a sheet-metal jacket with a clear mica top 
pierced where necessary to allow the vertical tubes to emerge. 
The latter authors find that the lifting is seriously hampered 
by traces of certain impurities. For instance, with zinc, a 
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sample containing 0.087</o lead, 0.18% cadmium, and 0.03% 
copper could not be made to work. 

A more revolutionary change was that tried by Kapitza (47), 
who reversed the procedure of Czochralski by gradually driving 
the molten metal upwards by means of a piston-in-cylindcr 
motion, the meniscus protruding at the top being first seeded 



inlet 



Fig. 33. Czochral- 
ski’s method modi¬ 
fied by Gomperz. 


Fig. 34. Czochralski’s method 
modified by Mark, Polanyi, and 

Schmid. 


by a small crystal of special orientation. Kapitza was more 
successful with the modified Bridgman arrangement, to which 
he subsequently turned and which has already been described. 

There are some other methods of crystallization from the 
melt which have not yet, to the author’s knowledge, been used 
to grow metal crystals but have been successful in the growth 
of organic and inorganic substances fusible without decompo¬ 
sition. The first of these, though subsequently developed to 
grow much bigger crystals, is due to Nacken (56, 9). 


The Method of Naeken (56) (Fig. 35) 

In this there are two tubes, G, and Go, each 3 centimeters in 
width and connected by a horizontal tube R. Gi has an upper 


Nitrogen 



Nitrogen 
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tube by which suction or pressure can be applied in order 
to circulate the contents of Gj and G^. “Cu” is a solid copper 
rod extending as shown from the cooling chamber K —where the 
cooling air currents are directed as shown by the arrows—to 
the terminal copper hemisphere which just dips into the melt. 
As the whole arrangement is covered in a thermostat, the 



Fio. 35. Method of Nacken for melts. 

copper rod would rapidly acquire the same temperature as the 
melt, but another tube of copper, S, over the first as shown in 
the figure, prevents this so that the hemispherical surface in 
contact with the melt is always a little cooler than the melt; 
this applies at the melting point and also when there is super¬ 
cooling. A crystal fragment is attached to the hemisphere before 
it is dipped into the melt, and thus the supercooled melt around 
the crystal loses its further heat through the crystal itself, 
which may be grown any size up to the confines of the enclosing 
tube. Nacken's method w^as later used by Adams and Lewis 
(57) to prepare large single crystals of ice. The seed crystal is 
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selected, for example, from ice formed on the surface of lakes 
or ponds, where the hexagonal axis is more often at right angles 
to the surface. In any case, the true orientation can he ascer¬ 
tained by making a “Tyndall” flower inside the ice l)y irratliation 
from the sun or an arc lamp. The flower consists of molten ice, 
the symmetrical arrangement conforming to that of the under- 
lying structure. Now, when the ice flower is refrozen, the space 
is never completely filled and a small cavity, not the shape of 
the original Tyndall flower but a hollow or negative crystal of 
ice bounded by plane faces, remains. This gives the direction 
of axes in the crystal, and attachment in any desired direction 
is possible. A large container of water, previously boiled and 
cooled rapidly to 0°C to avoid re-solution of air, corresponds 
with Nacken’s tube G>, and the copper rod and hemisphere are 
replaced by a can containing freezing mixture at — 10°C with 
a suitable crystal seed attached. The crystal thus formed can 
be used as a seed for an experiment on a larger scale. Crystalli¬ 
zation was found to proceed at the rate of a few millimeters 
per hour on an ellipsoidal front. The authors have succeeded 
in growing ice crystals 10 centimeters overall by this method. 

The Method of Kyiopoulos (58, 59) (Fig. 36) 

The earlier stages of this method are identical with Nacken’s, 
the cooler being a tube of platinum shaped as shown in Fig. 36a, 
with an inner tube of copper, cold air circulating down the cop¬ 
per tube and back up the platinum tube. This is dipped into 
the molten contents of a platinum crucible enclosed in a furnace. 
It will be remembered that Nacken himself used a seed fused 
onto the end of his cooling hemisphere, as did Adams and Lewis. 
Had there been no such seeding, a number of crystal nuclei, 
radiating outward from the surface of the hemisphere, would in 
all probability form. This is actually what the present method 
does. The cooling hemispherical surface of platinum allows a 
number of crystals to form, radiating outward into the solution, 
the whole making an approximately spherical crust around the 
dipper. Kyropoulos then raises the lump of crystals until they 
are only just touching the surface of the melt. This is a most 
important part of the operation; too great an elevation will 
cause a complete rupture between crystal and surface, and a 
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new beginning will be needed; too short an elevation will leave 
a larger surface of the first solidified mass so that more than 
one single crystal may be present (Fig. 366). When correct, 
just one of the several seed crystals is in contact with the 
remaining melt. He cites as a typical operation time for the 
first process with alkali halide ^ hour; after the raising just 

described, another %-hour 
cooling and a final cooling to 
room temperature taking at 
least 3 hours. These times 
must obviously depend upon 
the properties of the crystal¬ 
line solid. The longer the first 
stage lasts, the bigger will be 
the first mass of crystals and 
the likelier it is to select suc¬ 
cessfully a single crystal for 
the subsequent stage, but, as 
the crystals grow heavier, the 
tendency to fall off also in¬ 
creases. Kyropoulos* method 
was later adopted by Kath¬ 
erine Chamberlain (60) to 
grow very large crystals of 
potassium bromide. Crystals 
1 by 2 inches are first formed 
by the above method. The 
furnace is much deeper, and 
high power is used. The crys¬ 
tals are trimmed and held by set screws and, when very big, by 
spikes in holes drilled for the purpose. The largest were 5 to 6 
inches across and weighed up to 7 pounds. 

Strictly speaking, the latter method should be classified as 
Nacken's, for it was he who used the seed crystal fastened to a 
cooling system and allowed it to grow by abstraction of the 
heat of the melt through it. The same applies to the similar 
method of Menzies and Skinner (61), who have grown very 
large crystals of the alkali halides, in the Hilger laboratories, 
for optical use. They quote as the largest crystal grown by this 



Fig. 36. (n) Method of Kyropoulos. 

(6) Arrangement for seeding melt. 

(Kyropoulos.) 
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method one of Dr. Korbcr of 1. G. Farbenindustrie, tlie cylinder 
of rock salt being 1 foot across, GYo inches deep, and of good 
quality. One disadvantage occurs when crystals have a marked 
direction of maximum heat flow (e.g., NaNO;0. A crystal will 
always tend to orientate itself along the lines of heat flow, and 
unless the seed is mounted vertically several single crystals are 
likely to grow at once. 

One more distinct method is that of F. Stober, which is de¬ 
scribed below. 

The Method of Stober (62, 63) (Fig. 37) 

This method is applicable mostly to crystals which possess a 
unique crystallographic axis (e.g., trigonal, tetragonal, hexag¬ 
onal) along which is associated a 
value of heat conductivity much 
greater than in other directions. 

Good examples, both described by 
the author of this method, are 
sodium nitrate, bismuth, zinc, and 
ice. A hemispherical bowl S (Fig. 

37c) contains the material to be 
melted and rests in a hollow in a 
material T whose heat conductiv¬ 
ity is, as nearly as possible, identi¬ 
cal with the contents of the vessel. 

A hot plate 0 at a temperature to, 
which is substantially higher than 
the melting point and a cool 
plate U are set parallel and 
strictly horizontal above and be¬ 
low the vessel, whose vertical axis 
is then at right angles to both, and 
when 0 at temperature to is func¬ 
tioning, since the material at T, 
outside the vessel, has about the 

same heat conductivity as the melt in S, there will be a con¬ 
tinuous fall in temperature proportional to a function of the 
distance from 0, at all possible vertical lines joining 0 with U. 
At any given level, the temperature all over it will be the same 




Quartz viewing 
plate 



Fig. 37. (n) Construction of 

Stober’s cooling plate. (b) 
Stober's arrangement for crys¬ 
tals of ice type, (c) Stober’s 

method. 
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and we can imagine a succession of such levels, t, ti, ^ 2 , h, 
f tjij in descending order. There will be therefore no tendency 
to form convection currents, and, when cooling from plate U 
is sufficient, the crystal will form at the very bottom of the 
^essel, since this is the lowest possible temperature level of the 
type ^ 1 , t 2 y ts, etc. In addition, the crystal is found to orientate 
itself in such a manner that its trigonal axis, being the direc¬ 
tion of maximum heat conduction, is vertical. The lower (cool- 
ing) plate is made of strong copper sheeting soldered with 
“silver’^ solder in the form of a labyrinth (Fig. 37a), water en¬ 
tering at E and leaving at the circumference. As the heat is 
applied over the top surface of the melt and has still to extend 
beyond the bottom surface in order to insure complete melting 
throughout the mass, it will obviously be a disadvantageous 
process in all cases where the boiling point and melting point 
arc not well apart. In the latter event, the heat needed to pene- 

tiate to the lower limits of the melt will cause the upper surface 
to boil. 

In the making of sodium nitrate crystals, with a melting point 
of 314 C (= t), ^0 must be 354°C, whereas for bismuth t is 
268°C and Iq is 468°C. By using a water-cooled plate U, the 
crystal could be got to a certain small size, but then it ceased 
to grow. However, gradual cooling of O could then be resorted 
to and the vessel completely filled. The author notes that with 
sodium nitrate the process reversed (i.e., O cold and U hot) 
gave cloudy crystals. A similar device (Fig. 376) was used to 
produce ice crystals, and the upper cooler U was then used with 
a freezing mixture flowing through it and having its surface of 
contact with the water slightly convex. Crystals of sodium 
nitrate of optical quality and equivalent to the best Iceland spar 
up to nearly 10 pounds in weight were grown by this author. 

A recent work by West (63) has just come to the writer’s 
notice. He uses Stober's set-up but finds that a freshly cleaved 
muscovite or phlogopite surface can be used to insure the orien¬ 
tation of the NaNOs single crystal. The zone axis [2TT] of the 
rhombohedral NaNOs, with an interval of 5.09 A.U., lies along 
[010] of mica, with interval 5.19 A.U. Contrary to Stober’s 
observation, he had no difficulty in growing clear crystals from 
the top downwards. The crystals would also grow by this 
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method with up to AgNOa in solid solution. It is pos¬ 

sible to grow crystals up to ISOO'^C by suitable adai^tation 
of the parts, a temperature used by Ramsperger and Alelvin 
(64) on growing crystals of lithium fluoride for optical imr- 
poses. In contrast to the elaborate precautions taken by the 
various workers just discussed, Heggie (65) states that, when 
precautions are taken against agitation or convection currents, 
a molten metal will usually crystallize, even up to 1 or more 
kilograms in weight, as a single crystal or as a relatively small 
number of parallel ones. 

An important advance in the growth of large technically 
important crystals is that of Dietzel (Ostheim, Germany), who 
during World War II synthesized mica from its constituents by 
the best method yet (66, 67). A graphite crucible is charged 
with a mixture of the following ingredients; 


Si02 

(Al, Fe, Cr, V )203 
(Mg, Fe, Mn, Zn)0 
(Na, K) 2 SiF 6 
(Na, K)F 


35-39% (by weight) 
11-12% (by weight) 
29-35% (by weight) 
ll-13%o (by weight) 
6-7% (by weight) 


Another mixture, using the purest components, is given as 


AI2O3 11.6% 

MgO 32.6% 

SiOa (diatomite) 30.7% 

K2SiF6 25.1% 


The silicofluoridc is used as a seal to prevent the loss of fluorine, 
though this does occur through the evaporation of SiF 4 and 
causes the uppermost layers, poorer in fluorine, to melt at a 
higher temperature. The upper part is therefore kept at a 
higher temperature to avoid premature crystallization. The 
temperature is first raised to nearly 1450°C and kept constant 
for a time for settlement and clarifleation. The crucible is 
lowered so that the upper layer will be hotter than the lower 
and provide a temperature gradient, the proper distance of 
lowering being found by trial. Eventually the whole system is 
slowly cooled at the rate of 1°C per hour until the solidification 
point of 1320°C is reached. Cooling from below is kept within 
the crystallization velocity of the mica, which has been found 
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to be about 2 millimeters per minute. To obtain as large crystals 
as possible and to insure their being oriented vertically, the 
temperature gradient should correspond very closely with the 
asceitained crystallization velocity. If the cooling rate exceeds 
this, new crystals form ahead of the main body and, if it is 
much less, the mica is found to separate into small flakes. The 
latter danger is greater because of the heat of crystallization 
liberated. After the critical temperature is crossed between 
1320° and 1300°C, cooling is quickened. The crucible is then 
lowered into a preheated oven which is cooled down to room 
temperature. Besides the directional force of the adjusted tem¬ 
perature gradient, it was found that a horizontally acting mag¬ 
netic flux was useful (13 gauss). 

Dietzel considers that cooling from the bottom upwards tends 
to fill voids from the supernatant liquid. By this means, sheets 
growing up edgewise from the bottom will tend to form. Unless 
there is another orientating force, however, the sheets may form 
radially with all possible azimuths, but the horizontal magnetic 
field causes the paramagnetic sheets to orientate parallel to this 
field. The field, 13 gauss, is weak, and Dietzel thinks fields of 
50 or 100 gauss would imjirove matters. Siemens dej^end solely 
on the temperature gradient, and there is an obvious difficulty 
in applying a suitable flux density across a large crucible. Even 
without magnetic flux, Siemens have produced mica “bcioks” up 
to 15 centimeters in diameter. Specimens of these (phlogopite) 
micas have been examined by Tolansky and Miss Morris (68, 
69), using their multiple beam interference method, and have 
been found to correspond with the mica type. They were clear 
and free from inclusions but were polycrystalline aggregates of 
almost parallel plates. 

Other Methods of Growing Single Crystals 

There are a number of methods for growing crystals directly 
from the vapor phase or by electrolysis, which, to the writer’s 
best knowledge, do not yield large crystals, comparable with 
those by the foregoing methods and so will be mentioned in a 
later chapter in connection with their theoretical importance. 
One or two, however, employ growth from the vapor phase (some¬ 
times with chemical deposition) onto single-crystal wires which 
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have been produced by other methods; others rely on electro¬ 
lytic deposition, which has the effect of producing the metal in 
a high degree of supersaturation; others, again, rely on recrystal¬ 
lization in the solid after suitable deformation. Typical ex¬ 
amples of these will now be described. 

Recrystallization after Cold Work 

The conditions under which the grain size in metals can be 
increased by careful heating after deformation are well known 
to all metallurgists. In recent years, several workers have used 
this property so to increase the size of certain grains that, in 
place of the many millions of original grains, some few will grow 
and swallow up all the rest, even just one of these being capable 
under favorable conditions of eating up the remainder. The 
differences of opinion as to the precise origin of the grain which 
will ultimately achieve this will not be dealt with at this stage, 
but the method will be described for a particular case. 

Most workers are agreed that jiriority for the production of 
large single crystals by growth in the solid state belongs to A. 
Sauveur {Proc. Intern. Assoc. Testing Materials, VI Congr., 
1912, 11, Sec. 1), but the author has, unfortunately, been unable 
to contact the original work. Carpenter (70) gives details of 
the method. A test piece, 4 by 1 by inch, originally con¬ 
tained 1% million grain crystals. After accurate machining, a 
preliminary thermal treatment was applied to it to “soften” it 
and produce as nearly uniform equiaxed grains as possible. For 
aluminum, heating for 6 hours to 550°C was found suitable, and 
the grain size was fairly uniform and each grain about Viso 
inch across. The second operation consisted in straining the 
crystals to a desired optimum amount, here, about 2.4 tons per 
square inch, which caused an elongation in a 3-inch section of 
1.6%. The last stage, the controlled heat treatment, was begun 
at 450°C and the temperature raised by about 25°C per day 
until 550'"C was reached. It was then brought up to 600°C for 
1 hour in order to absorb all the small crystals on the surface 
which had jiersisted through the earlier treatment. Carpenter 
found over 1 in every 4 test pieces so prepared to consist of one 
large single crystal, his figures for a batch of 20 being; one 
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single crystal, 7 specimens; two, 8 specimens; three, 4 specimens; 
four, 1 specimen. ^ 


hen it was desired to prepare a test bar as a single crystal, 
the same method \vas applied, but a preliminary deformation of 
about 157c, followed by annealing at 500°C, gave a more uni¬ 
form bar to start with. Edwards and Pfeil (71) used the same 
method to obtain large crystals of iron. The carbon was first 

removed by prolonged heating at 950°C in 
an atmosphere of hydrogen. A larger strain 
was required than with aluminum (viz., an 
extension of 3]4%)- The preliminary grain 
size was 120 per square millimeter. After 
strain, heating was continued for several 
days at 880°C. Tiny surface crystals could 
not be absorbed and had to be removed me¬ 
chanically at the end. 

Another and quite distinct method of grow¬ 
ing large single crystals in the solid state is 
that first used by Pintscli (72) (Fig. 38). 
Tungsten wire is unrolled from a spool 
iSi, and onto another spool going 

through the heater T at a temperature of about 2500®C. 



Poly- 

crystalline 

wire 


Single¬ 

crystal 

wire 


Fig. 


38. Pintsch’s 
method. 


Squirted filaments are found to be more suitable than drawn 
wire, as the coarser grain structures do not lead to as great a 
degree of grain growth. With suitable texture of the original 
wire, a speed of 3 meters per hour, for example, was sufficient to 
produce long lengths of wire in single-crystal form. Increased 
speed leads to the production of shorter and more numerous 
single crystals. In tungsten, there is a preferred orientation in 
the single crystals, which tend to grow with a zone axis, [Oil], 
parallel to the axis of the wire [i.e., a (100) face is usually 
parallel to the surface of the cylinder and a (Oil) face in the 
plane normal to the axis of the latter]. Iron can also be grown 
as single crystals if the wire is drawn through the heater at a 
temperature of about 900°C, the allotropic change to the a phase 
causing new nuclei one of which will grow at the expense of the 
rest. AIcKeehan (73) describes an arrangement whereby the 
iron filament is in contact with two pools of mercury and a 
current is passed from them through the wire. This current may 
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be either alternating or direct. The mercury contact system may 
be moved along the stationary wire, or the latter may itself be 
moved. In either case, when the speed of movement is adjusted 
to the rate of crystal growth, a single crystal of iron will grow 
along the wire. The hottest part of the wire should be about 
1400°C, and there is a steep temperature gradient between this 
and the site of the transformation from y- to a-iron. With wire 
1 millimeter in cross section, lengths of 20 centimeters have been 
found to be singly crystalline. Irregularities of tension or kinks 
in the wire lead to twinning on {211} planes. 


Growth of Metal Crystals by Decomposition of a Volatile Vapor 

The wires of metals grown by the Pintsch method are them¬ 
selves frequently used for the production of much thicker crystals 




(b) 


Fig. 39. (a) Koref’s method, (b) Cross section of wires grown by Koref’s 

method. 

of 3 to 4 times the cross section. In Koref’s method (74) (Fig. 
39a), a tungsten wire is suspended at a, a, clamped to a hori¬ 
zontal thermoelement in a glass vessel G, which has a bulb con¬ 
taining WClo sealed onto it and an extension tube along which 
hydrogen can be forced. The chloride boils at 347°C and melts 
at 275°C. Hydrogen is sucked into the vessel at a pressure of 
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about 12 millimeters of mercury and carries with it some vapor 
of the hexachloride. The wire itself is heated to about 1000°C, 
and the decomposition of the hexachloride by the hydrogen in 
the neighborhood of the wire follows the equation 

WCIo + 3 H 2 = W + 6HC1 

As the tungsten separates in the immediate neighborhood of the 
potentially growing crystalline surface of the “Pintsch” single¬ 
crystal wire, the latter begins to grow. The temperature of the 
vessel G is regulated by the surrounding furnace F, and an 
initial temperature of 250°C was found to cause too great a 
concentration of the vapor and the metal was released too rap¬ 
idly. Under these conditions, the crystalline deposit was found 
to be spongy or dendritic. The optimum temperature was found 
to be 110°C in the vessel G and the rate of flow 35 liters of 
hydrogen per hour. In a later paper (75) it was found possible 
to grow other metals around a tungsten core wire. The condi¬ 
tions for success in this direction are the same as found alwavs 
to apply to parallel growths and overgrowths (q.v.). Table 7 is 



from the later paper. Typical cross sections are shown in Fig. 
396, The deposit of iron was quite unorientated while those of 
zirconium and titanium were not too well connected with the 
central core. On the other hand, Erika Sutter (76) has found 
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that iron, in the a and 8 ranges, grows from FeCls vapor onto a 
tungsten filament in an oriented manner, the boundarj^ surface 
being smooth and shiny. A very similar 
device was that of van Arkel (77), the 
main difference being that hydrogen was 
not used, but the tungsten hexachloride 
was decomposed by heat, the reaction 
WClo W + 3 CI 2 being reversible. As 
will be seen from Fig. 40, this and the 
vertical position of the growing wire are 
the chief points of difference. While the 
method of Koref uses a temperature of 
1000°C for the deposition, van Arkel’s 
uses a much higher temperature (viz., 

1600° to 1700°C). Suction is applied at 
while C, partly filled with tungsten 
hexachloride, is heated carefully. Two 
thin tungsten rods through the stopper D 
support the filament in the vessel A, which 
lias a sujiply of tungsten powder at the 
bottom, and this is kept heated to a tem¬ 
perature of 400°C so that the liberated 
chlorine attacks this rather than the supjiorting rods, the hexa¬ 
chloride being re-formed and the process carrying on a stage 
further. 

Growth of Single Crystals by Electrolysis 

Although the conditions under which the production of metals 
by electrolysis are the reverse of those needed for good crystals 
—indeed, a coarsely granular deposit is avoided as much as 
possible—there appears to be no inherent reason why good 
crystals should not be made by this method. In the ordinary 
way, metals being so insoluble in watery solutions, electrolysis 
is practically certain to lead to great supersaturations and very 
fine grains or dendrites should be common, as in fact they are. 
However, from time to time, reasonably good single crystals are 
encountered and, according to von Schwarz (78) quite large 
crystals, up to 3 or 4 inches in length and V 2 inch in girth, of 
copper can be prepared readily by the electrolysis of a solution 



Fig. 40. van Arkel’s ar¬ 
rangement. 
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of copper sulphate strongly acidified with sulphuric acid. Apart 
from the hare description of the tank (a square one, holding 
70 liters of solution) the copper and carbon electrodes and the 
current density of from 0.5 ampere per 100 square centimeters 
upwards, the only feature of note is that the best temperature 
was found to be between 1 ° and 7°C. 

A method is given by van Liempt (79, 80) whereby the 
“PintsclY' wires already described may be enlarged by electroly¬ 
sis in a bath of molten sodium or lithium tungstate. A slieet- 
tungsten tube is the anode, and inside it is a single crystal wire 
about 300 microns in diameter acting as cathode. Baths of 
Li 2 W 04 with various proportions of ‘Tree” WO 3 molten at 
900°C are the electrolyte, and the latter may vary from neutral 
(pure Li 2 W 04 would be alkaline) up to 55^o Li 2 W 04 -|- 45% 
WO 3 . In an experiment, details given include a current density 
of about 150 milliamperes per square centimeter (i.e., in a tung¬ 
sten wire of the stated diameter and about 3 centimeters long 
the initial current was from 0.02 to 0.04 milliampere, and this 
was increased by about 0.01 to 0.02 milliampere every 12 min¬ 
utes. The reaction whereby tungsten is liberated at the cathode 
is given for a neutral melt as 

Li 2 W 04 = 2 Li + WO 4 " 

6 Li + 5Li2W04 = W + 4(2Li20W03) 

The wires resulting from this method have somewhat the appear¬ 
ance of those in Fig. 395 produced by Koref's method. 

This chapter would be incomplete without some description 
of the method of Verneuil (81, 82), originated in the eighteen 
nineties, for the synthesis of rubies, sapphires, and other forms of 
gem alumina (Fig. 41). The alumina, finely powdered, is fed to 
the flame of an oxyhydrogen blowpipe by means of the oxygen 
stream. The vessel A containing it has a sieve B at its lower 
end and is filled with the powder, which mingles with the 
oxygen stream entering at C every time A receives a mechanical 
shock. The intensity of this shock is very important and is 
regulated by Verneuil as follows. The vessel A is rigidly con¬ 
nected to a rod D which passes through a passage E to the 
underside of a brass prism F held centrally by three wheels 
attached to the ring G. Resting on top of the brass prism is a 
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worm gear H allowing the eccentric wheel J to rotate to any 
desired amount so that, when the bulge is vertically uppermost, 
tile hammer K rests on it, while 


when it is vertically downwards 
the hammer has a drop of about 5 
millimeters and each fall will 
communicate a shock to the vessel 
Aj when a certain amount of 
powder will be released through 
the sieve B. Obviously, the quan¬ 
tity will be related to the perpen¬ 
dicular distance the hammer falls, 
and this can be regulated by a 
turn of the worm H. Different 
rates of feeding will be required 
at different stages of the process 
(e.g., more will be required as the 
crystal is growing bigger). The 
actual frequency of release of the 
hammer is regulated by an elec¬ 
tromagnet symbolized in the 
sketch by L (the worm, eccentric 
wheel, and hammer are shown in a 
side view in the uj^per left-hand 
corner of the sketch). The large 
covering container M may be re¬ 
garded as a swelling in the oxy¬ 
gen feeding tube of the blowpipe 
iV. The blowpipe chamber is 
shown at 0, and hydrogen enters 
at P. The support Q is a small 
cylinder of sintered alumina 3 to 
4 millimeters across, resting on a 
long rod R of iron and held in 
position by a platinum band S, 30 
millimeters long and made from a 
sheet 0.6 millimeter thick. The 
end of the iron rod R is attached 



. 41. Verneuirs growtii of 
large corundum crystals. 


to a vertical rack and pinion movement (not shown in the sketch) 
by which the platform Q may be adjusted to the initial height 
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and subsequently lowered as required. The region of crystalli¬ 
zation is a well-lagged furnace chamber T, with mica observa¬ 
tion windows (not shown) to ascertain the progress of the crys¬ 
tallization. The smallest nozzle found practicable was 1.2 milli¬ 
meters in internal diameter, and in the earlier work “boules’^ of 
2 V 2 to 3 grams (12 to 15 carats) were obtained with it. The 
flame is first lit, and when the end of the alumina cylinder at Q 
is at white heat (careful centering and alignment of Q below N 
having been first attended to) the interrupter is set in motion 
and acts on the hammer X, thus releasing some powder which 
reaches the flame and is mostly melted, falling like light rain 
on tlie cylinder Q, where freezing again takes place, though, as 
there is an excessive temperature gradient at this point, the 
mass built up does not resemble a single crystal but a sintered 
aggregate. As the process continues, a cone of the material 
builds up and goes nearer and nearer the hottest part of the 
flame. Before reaching this, the tip of the cone melts and is 
allowed to build up as large a spherical surface as possible 
without the molten material running off. Increasing the rate 
of flow of oxygen raises the temperature but, if this gets too 
high, slight ebullition begins, and on this account the quantity 
of oxygen has to be kept as low as practicable; therefore an 
excess of hydrogen in the mixture is necessary for good clear 
crystals. Nitrogen is fatal to the success of the experiment, and 
less than 5% should be tolerated with the oxygen. As soon as 
the sphere has reached its limit of stability, slight lowering of 
Q is started and the portion removed from the hottest part of 
the flame solidifies. On solidifying, however, it has made the 
platform bigger, and thus the area melted can be extended to 
the limits of the vessel and the capacity of the flame. Michel 
(83) gives a summary of VerneuiPs process, with further addi¬ 
tions made by German industry. Batteries of sets of the Ver- 
neuil type are put in use at the same time, and the world's out¬ 
put may be judged when it is realized that one firm in Germany 
alone has been producing at a rate of more than 25 pounds a 
day (84). Spinel, Mg 2 A 104 , can also be made by this method. 
The red color of the ruby can be reproduced by the addition of 
2 ^4% chromic oxide, though it is customary to use chrome-alum 
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for this purpose. The presence of iron gives a red-brown cast 
to the ruby similar to the natural rubies from Thailand. For 
the blue color of the sapphire, iron and titanium oxides are both 
required. Fuller details of these and the many other tints are 
given in Alichel’s book (83). 

Figure 42a shows a typical pyramid or cone of deposited 
alumina capped by the spherical beginnings of a “boule”; Fig. 
426, a boule itself. The maximum size of boule varies according 
to the color; as a rule, larger boules are not so good as lesser 
ones. Average boules vary from 100 to 
200 carats (20 to 40 grams). 

Tlie vast majority of natural gem 
stones have been duplicated in the past 
by various workers, and Alichel (83) 
gives a good summary of their methods. 

In most cases, the artificial prepara¬ 
tions are of theoretical importance only 
either because the products are very 
small or because the natural products 
are plentiful and far ahead of the syn¬ 
thetic ones in size and quality. In one 
case, that of emerald, a process has 
been discovered in recent years in which 
reasonably big stones have been pre¬ 
pared (85) up to 2 centimeters in length and cut gems up to 1 
carat. Though details of their inclusions, physical properties, 
and so on are described to verify the identity of the emerald, 
no details of the process are given. However, other products of 
the I. G. Farbenindustrie's Bitterfeld works are examined in a 
paper by Schiebold (86), who shows them to be a type of em¬ 
erald, but with a higher chemical purity than the natural gem 
and with an a axis rather shorter than these. Other differences 
are noted (q.v.). Since no details of the process are given, tliere 
cannot be any justification in further detailing their properties 
here. 

The Verneuil method, described as the “flame fusion process” 
by Moore and co-workers (87) has been used recently to syn¬ 
thesize rutile (Ti 02 ), the boule being oxygen-deficient and black 
(but clears on oxidation), and the incongruently melting raullite 




(a) (b) 

Fig. 42. Boules of corun¬ 
dum. (a) Start of a boule 
ib) A completed boule. 
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( 3 AI 2 O 3 *28102). The rutile structure possesses unexplained 
flexibility to allow such stoichiometrical variations as they find. 
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Crystal Growtli 



The first theory of crystal growth put forward which gained 
serious consideration from crystallographers was that of Curie in 
1885 (1). It did not take into account (nor could it at the time) 
the actual atomic arrangements of the crystal surfaces and as a 
consequence is less in favor today when other theories, to be dis¬ 
cussed later, which repaired this omission, are found to explain 
many of the features of crystal growth satisfactorily. At the 
same time, the idea of Curie is not even now entirely abandoned, 
papers having been written on aspects of its application or modi¬ 
fication so recently as 1938 (24). 

Curie proposed that there was an intimate connection between 
the crystalline form and the surface energy of the solid, this 
being the sum total of all the elements of surface energy con¬ 
tributed by all the faces, great or small, on the crystal. He uses 
as his starting point the capillarity theory of Gauss, the latter 
having elaborated it for liquids. According to Gauss, the virtual 
work in capillary phenomena should be separated into a “volume” 
function and a “surface” function. In crystals, since they are 
practically incompressible, the volume function becomes negli¬ 
gible and the virtual work due to capillary forces is proportional 
to the change of surface alone. A, the capillary constant char¬ 
acteristic of the surface of separation of cwo media, is the energy 
required to be expended on increasing the surface by a unit of 
area. If the body be shielded from all other forces, the system 
tends to a minimum energy and the surface of separation of the 

media is spherical. The analogy between a liquid and a crystal- 
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line solid is far from complete, however, A liquid can change its 
shape (i.e., be deformed in a manner incompatible with a crystal). 
Curie gets around this by assuming that the equivalent of “de¬ 
formation” in a crystal is that of transferring a quantity of 
crystalline matter from one type of crystal face, the whole being 
immersed in a just-saturated solution, to another type, through 
differences in solubility of the two distinct face types, so that 
one crystal face would be losing molecules to the solution while 
the other was gaining them from the same solution. This feature 
of Curie’s theory has been one of the most discussed, and most 
disputed, but further details must be left to a later stage. Allow¬ 
ing its validity, for the time being. Curie states that a crystal 
will adopt such an end form as will be consistent with its pos¬ 
sessing a minimum sum total of surface energies. If, for example, 
a crystalline body were limited by faces whose surface areas were 
5, iSi, S 2 , S 3 , '**, and whose corresponding capillary constants 
were A, Ai, A 2 , A 3 , * * *, then the final form of the growing crystal 
would be such that A *5 +Ai -Si + A 2 *S 2 -j-• ■ • has a minimum 
value. The predominant form on a crystal is that possessing the 
least value of capillary constant. 

In his original paper, Curie works out a number of examples of 
his theory. 


First Problem. Given that a crystal presents a tetragonal prism to 
its saturated solution, what would be the relation of the side of the base 
X to the height y in the stable form? Let A be the capillary constant of 
the prism faces and B that of the base. The energy of a prism face will 
be xyA and of the base x'^B. 

For stability, E = 4xi/A -h 2x^5—^minimum. Now x’^y — Y, the vol¬ 
ume of the crystal, so that 


and 


For a minimum, 


E 

2 


2AY 

X 


-h Bx^ 


1 ^ 
4 dx 


AV 


-H Bx 



or Ay = Bx 


from which x/y = A/B, This is a minimum since d^E/dx’^ = \2B, a 
positive quantity. 
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Second Problem. What is the stable form of a cube octahedron? 
The answer, in Curie's own words, is, “qu’il prendra la forme d’un Cuho- 
octaedre absolument d6fin4 pour chaque valeur de A/B comprise entre 

i/Va et Vs.” 

Third Problem. W’^hat would happen if a large number of crystals 
were situated together in the same mother liquor? 

Answer. There will only be a minimum energy when the sum of tlie 
surfaces is as small as possible (i.e., when all the lesser crystals have been 

united in one big crystal). Thus the larger crystal wiW eat up the smaller 
ones. 

Views of Wulfl 

eorv was accepted for some time after it appeared in 
1885, and in a work published in 1901 W'ulff (2) further extended 
it. He measured the velocities of growth of different faces of 
crystals of the type of Mohs’ salt, Fe(NH 4 ) 2 (S 04 ) 2 * 6 H ,>0 (mono¬ 
clinic) and found that every form had its own rate of extension 
measured normally to the surface. 

Supposing that a body were constructed with the face normals 
(to a given point in the center of the crystal) proportional to tlie 
measured velocities of growth, this would be the body having the 
minimum surface energy. In other words, he assumed that the 
capillary constants were proportional to the rates of growth of 
the various faces. This conception of the velocity of growth of 
different faces is a useful one and has been used extensively by 
latei workers, but is only a substitute conception and does not 
lead us any nearer the truth regarding Curie’s hypothesis. 

Hilton (3) has also extended Curie’s theory along similar lines 
to ^Vulff, as also have Viola (4) and Liebmann (5). One of the 
more important of the developments of Curie’s theory is that of 
Marc and Ritzel, given in the following paragraphs. 

Marc and RitzeTs Modification 

Among the numerous ideas associated with the work of Robert 
IMarc is one giving provisional support to the Curie hypothesis. 
Marc and Ritzel (6) consider the problem in the following light: 
(1) Under the influence of surface tension alone, the crystal is con¬ 
strained to adopt a form consistent with ao + <r'o' -f o-"o" -i_ 

etc., being a minimum (<7 being the surface tension and o the area)! 
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(2) Under the influence of solution pressure which has different 
values in different directions and which is measured by the solu¬ 
bility of isolated faces, the crystal is made to favor the more 
soluble faces, the less soluble ones vanishing. (3) The crystal will 
assume an equilibrium form which takes into account both these 
tendencies. When the differences in solubility (i.e., solution pres¬ 
sure) are very small, the first of these is the predominating in¬ 
fluence and the effect is that the growth form is dominated by 
surface energy (i.e., as is required by the Curie theory). Take 
the case when two cubes of different size exist together in the 
same solution. Suppose an amount dw is moved from the lesser 
to the bigger cube, at the same time lessening the surface of the 
former by doi and increasing the surface of the latter by do^. 
The work involved in this transaction is doi — do^. If the larger 
cube is taken as infinitely big, an alteration in weight of an 
amount dw will cause no appreciable change in surface so that 
do 2 = 0. The work is then a-doi. This work must be recovered 
when we redistil, isothermally, the quantity dw from the in¬ 
finitely large cube to the small cube (i.e., from the large face to 
the complete small cube). Taking the solubility of the large iso¬ 
lated face as Coo of the faces of the small cube as C, then 
the work required is RT \n (C/C*) - die, whence 


C 

adot = RT In — • dw 

C« 



Therefore 




ifdoi/RTdw 



There is an analogous expression to be developed to express the 
relationship of a small to an infinitely large octahedron: 



a'doi'/RTdw 



When both sets of faces are represented and the system is in 
equilibrium, C = C', whence 


or 


cdoi/IiTdw _ /^ / ^^do\*/RTdio 




( 5 ) 
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Expression (5) may be used in the following way. If the solubilities 
of the large crystals, C* and are equal, the exponent in (5) 
becomes equal to nothing and 

a'doi adoi 

dw dw 

or 

a'do' = ado 

In this latest guise, we have none other than the familiar law 
of Curie. For, since only two forms, cube and octahedron, are 
here considered, Curie’s law states, in ]\Iarc’s terminology, that 
2o-o + <t'o'+ * • • is a minimum, while, from Marc and Ritzel’s 
development, trc/o + i—ado') = 0, the negative sign indicating 
that any increase in surface of the one form is necessarily at the 
expense of the other. It is important, however, in the sense that 
it no longer appears necessary to couple Curie’s theory with dif¬ 
fering face solubilities in a barely saturated solution. 

Valeton (7), however, disputes Alarc and Ritzel’s conclusion 
on the ground that the solubility of a face surrounded by faces of 
another type cannot be explained by the expression developed 
when only one form is presumed to be present (equation 2 above). 
In the exponent, there should appear, besides the capillary con¬ 
stants, etc., of the faces concerned, those of neighboring faces also 
with an angular function as given in Gibbs’ expression. 

It will be seen that Marc’s effort to support the Curie theory, 
inadequate by itself, consists in coupling it up with the conception 
of differences in “solution pressure” between different form types. 
This solution pressure renders the operation of the Curie forces 
negligible by themselves, so that the final shape adopted by the 
crystal is not of necessity that one associated with a minimum 
value of %AS + AiSi + • • •. 

But the idea that different forms might exhibit differences in 
solubility did not originate with Curie or with Marc and Ritzel, 
for it was definitely urged as a possibility by Lecoq de Bois- 
baudran (8). Much controversy has raged since that time over 
the problem, however, and such a conception is impossible of ac¬ 
ceptance without good experimental backing. Unfortunately 
there has been no indisputable experimental evidence. Ritzel (9) 
claims to have obtained different solubilities on different forms 
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of NaCl crystals, using only slight deviations from the saturation 
point. Korbs ( 10 ) and Bruner and Tolloczko (11-13), however, 
get contrary results using the same kind of crystal. Leblanc and 
Ehssafoff (14) have also examined the problem, and their verdict 
is one of “not proven.’^ Ritzel attributes this to the latter workers 
having used stronger solutions in their researches. He claims that 
for an undersaturation of 1% the solubility of { 111 } is greater 
than that of { 100 }, but that the addition of urea causes a rev^ersal 
of this order, {100} becoming more soluble than {111}. The other 
authors quoted do not corroborate Ritzel, but he maintains that 
this is because large degrees of undersaturation (12% to 24%) 
were used. Ritzel states that, at 10% undersaturation, the solu¬ 
bilities of { 111 } and { 100 } are the same. IMost subsequent re¬ 
searchers have not been inclined to favor the idea of differing 
solubilities. Indeed, it is difficult to devise experiments which will 
distinguish between the solubility of a face and its initial re¬ 
sistance to attack by the surrounding solvent. This difficulty is 
readily shown by the examples of KCIO 3 and K2SO4. The latter 
salt is appreciably more soluble in water than is the former up to 
45°C, when KCIO 3 becomes more soluble. Mere solubility ap¬ 
pears irrelevant to the worker regularly preparing solutions of 
the two substances from grains not less than, say, 3 to 5 milli¬ 
meters in cross section. For tlie KCICI.s supersaturated solution 
can be prepared in a fraction of the time taken for a K 2 SO 4 solu¬ 
tion, even at 45°C. 

Again, there are almost innumerable examples of crystals whose 
different forms show differences in their surface perfection. It is 
well known that epidote and topaz, among numerous minerals, 
have, as a rule, well-faceted terminations which consist of smooth 
planes yielding bright reflections of a source of light (as in goni- 
ometry), yet at the same time having very poor, rounded-off 
“prism” zones which give almost innumerable separate images of 
the source, or else one large, distorted image. Potassium sulphate 
is a ready example of this. On crystals of K2SO4, prepared with 
average care (particularly with undisturbed growth and the 
crystals left in the solution until the latter has almost evapo¬ 
rated), there are present representatives of the forms { 010 }; 
{110}; {011}; {001}; {100} and {130}; {111};{112} and {021}, 
the latter predominating (15). Many of these (almost all except 
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(021), in fact) yield excellent reflection images. Furthermore, 
certain crystals of K 2 SO 4 , grown tabular on { 010 } in a manner 
described elsewhere, show { 010 } to consist of faces with an ex¬ 
traordinary degree of planeness; a planeness which would actually 
stand up to the severest possible optical test with ultraviolet 
light (16). 

Yet on these very crystals the 021 planes will be found in¬ 
variably rounded and uneven, strongly resembling the remnants 
of good faces which have been subjected to corrosion. Thus we 
are led to a difficulty typical of those encountered during experi- 


Plate 7. 



Growth hillocks on the (011) face of KCIO 4 . (Buckley.) 


X12. 


ments on growing crystals (viz., that of deciding the sequence of 
events at the growing surfaces). The 021 surfaces of K 2 SO 4 are 
so poor that one is almost driven to assume that some re-solution 
is continually occurring in which 021 is somehow most readily 
affected. In many examples, the surface is uneven as well as 
rounded, so that it is not easy to see how simple re-solution will 
account for it. Perhaps in these kinds of surface, there is, first, 
a tendency to form triangular hillocks, or two-sided ridges, 
hounded by plane faces whose indices are high, and this is subse- 
(luently followed by re-solution, rounded hillocks or ridges being 
formed. This is actually the case with the 011 “planes" of KCIO4 
crystals grown in the presence of many dyes (Plate 7). Examples 
with sharp and with rounded hillocks are plentiful. However, 
021 of K 2 SO 4 has never yet been found by the writer to give 
jilane faces, either with or without hillocks or ridges, and it is just 
possible that it may be a case of the Marc-Ritzel type under dis¬ 
cussion. Not all predominant forms, however, are less plane or 
more lacking in quality than the lesser developed ones. Thus 
{001} of KCIO4, {001} of BaS 04 , {101} of KMn 04 , and {010} of 
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ammonium sulphate are all so-called predominant forms, yet all 
may appear with superlative planeness on crystals up to at least 
several millimeters in extent. The behavior of the 111 and 100 
faces of potash alum towards etching is also of significance. The 
predominant form {111}, which, on the theory accepting all pre¬ 
dominant forms as most soluble during growth, ought to etch more 
quickly than (100), actually etches at a much slower rate. These 
conditions, admittedly, are not quite the same as the theory re¬ 
quires, in that the surroundings are unsaturated with respect to 
both faces, whereas the theory requires so fine a balance that to 
one face the solution would be slightly undersaturated while to 
the other face it would be slightly oversaturated. Still, we have 
sufficient data, if not to rule the idea out of court, at least to cast 
grave doubts upon its admissibility. Curie^s notion of a crystal 
transferring material from one part to another by any such means, 
though thermodynamically necessary for his theory, must be re¬ 
garded as unproved. Valeton (7), in 1915, allowed crystals to 
remain for months in contact with a solution, at just the satura¬ 
tion concentration, with no apparent change, using the apparatus 
shown in Fig. 18 (Chapter 2). 

Since there appears to be very much doubt about the existence 
of a solution pressure of the kind postulated by Marc and Ritzel 
and of any other property of the crystal-solution interface which 
would permit of growth and dissolution occurring simultaneously 
on the same crystal immersed in a uniform solution, what other 
evidence can be deduced in support of the effectiveness of surface 
energy in influencing crystal habit? 

The shape taken up by many metal crystals has been advanced 
as one such support. It is well known that many metal single 
crystals occur as rounded spheres when solidifying, and a connec¬ 
tion between these and their surface energies has been suggested 
by Desch (17), who points out that both the cohesion and the 
surface tension of substances fall off with the temperature, but 
not at the same rate, so that the latter predominates at the melt¬ 
ing point. He gives the example of a small mass of gold (up to 
several grams) being grown from a single crystal seed and form¬ 
ing an approximately spherical bead which is covered by a 
wrinkled and glass-like skin. Etching removes this skin, and 
sharp etch pits are formed. When the bead is reheated to 700°C 
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(i.e., about 300® below its melting point), the etch pits lose their 
sharpness and ultimately flow to the level of tlie sphere. Small 
gold crystals formed by precipitation will become rounded if 
heated to the same temperature. Desch also points out the 
analogy between high surface tension in the molten condition 
[6-g-j gold (1018 djmes per square centimeter), copper (1178 
dynes)] and rounded crystals. Others, with a small value of sur¬ 
face tension in the melt, form sharp-edged crystals [e.g., antimony 
(247 dynes per square centimeter) and bismuth (346 dynes)]. 
Desch considers it natural to suppose that the metals with a high 
value of surface tension in the liquid, near the melting point, 
will continue to have the same after solidifying. 



Fig. 43. Effect of rate of growth on salol crystals. (Naoken.) 


The observations of Nacken (18) on the crystallization of salol 
from the melt in the apparatus described in Chapter 2 (see Fig. 
35) may have some bearing on the problem. At a certain speed 
of growth, conditioned by the temperature of the copper hemi¬ 
sphere to which the seed crystal is attached, uniform crystals of 
the habit shown on the right-hand side of Fig. 43 will be formed. 
This is when the latent heat of solidification is being withdrawn 
from the crystal at a rate rather in excess of its formation, so 
that none accumulates. However, if the supercooling is reduced 
almost to zero, the crystal may assume the shape of the left-hand 
side of Fig. 43, where the surface is mainly spherical, truncated 
only by small circles corresponding to the more important faces 
(the right-hand figure). At intermediate stages, the central figure 
may be produced, and it is possible, when the supercooling is 
slight enough, for the crystal to be spherical or ellipsoidal. 
Nacken attributes this to the various directions of the crystal 
having the same rates of growth when the latent heat is released 
so slowly that there is no direction which can cause itself to be 
preferred because of its capability of rapid dissipation of the 
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heat of solidification. The existence of these spheres appears to 
depend on rather finely adjusted conditions, and the role of sur¬ 
face tension in this case is perhaps more problematical than in the 
case of the beads of metal. 

Another case where surface energy may cause a change in the 
physical appearance of a formed crystal is one given by Papape- 
trou (19), who, in a study of the formation of dendrites, gives 
instances where the minuter secondary branchings of a forming 
dendrite, surrounded by stronger fellows, are frequently found 
to disappear, leaving the latter growing even stouter, a form of 
cannibalism no doubt due to the increased surface activity of 
the victims in the presence of the solution and their larger com¬ 
panions. This consumption is one which could have been pre¬ 
dicted from the section of Chapter 1 on solubility and size and 
leally only confirms that Curie’s theory holds in some cases when 
the dimensions are sufficiently small. But, when a crj^stal has 
attained a certain size and with a shape not in accordance with 
the end form of the Curie theory, the difficulties of readjustment 
are so great and the energy differences between the “end form” 
and its predecessor so minute that there is practically no tendency 
for any transformation to take place. 

Berthoud and Valeton’s Criticism of the Curie Theory 

The credit for most effectively assailing the surface-energy 
theory must be given to Berthoud (1912) (20) and Valeton 
(1915) (7). Berthoud showed that one of the implications of 
Curie’s theory was that, the greater the supersaturation of a 
solution the more rapid is the growth and, in consequence, the 
crystal habit ought to become more complex (i.e., to approximate 
more closely a “spherical” type). It is common knowledge that 
the reverse is the case. A crystal becomes simpler, the more 
rapid the growth, usually until one single form predominates to 
the practical exclusion of all others. [Where this is not possible 
(e.g., in the systems of lower symmetry), the predominant form 
shows its gain in predominance by becoming prismatic or tabular.] 

Berthoud also showed that the work involved in the formation 
of the different habits of a crystal separating from a given solu¬ 
tion is nearly the same in all cases, so near that the different forms 
have sensibly equal degrees of stability. His treatment resembles 
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that advanced shortly afterwards in greater detail by Valeton 
(21, 22), and, in addition to their showing some of the limitations 
of the theory of Curie, both turned to developing the Noyes and 
Whitney expression for the diffusion of crystal material througli a 
thin layer of quiescent solution. 

The influence of surface energy on the development of crystal 
surfaces was considered theoretically in the classic work of Gibbs 
(23). Gibbs has been quoted with great regularity, and his treat¬ 
ment made the basis for most subsequent 
work. Valeton adapts Gibbs’ work to the 
problem of the Curie theory in his paper, 

‘‘Kristalvorm en Oplosbaarheid” (7), the 
title being in Dutch but the contents are 
in the German language. The following 
lines are taken, almost literally, from 
V^aleton’s papers: 

It is first assumed that the temperature 
and pressure in all phases are alike and. 
for each single component, the thermody¬ 
namical potential in all the phases has the 
same value. Consider a crystal surface P 
bounded by other faces, Q, etc. (Fig. 44) 
and that this face P moves forward a distance dn into the solution. 
The bulk of the liquid is taken to be sufficiently large for the small 
alterations of the crystal surface to exert no influence on the 
concentration of the solution. Suppose a and a to be the capil¬ 
lary constants of the face P and an adjacent face Q, and I to be 
the length of the edge between them, with w the external angle 
between PQ. 

On the addition of dN to the face P, it suffers a loss in area 
extension equal to PdN cot w, while the face Q gains in area to 
the extent of l-dN cosec w. The solid phase also increases its 
volume to the extent SdN at the expense of the solution, S being 
the original area of P, Taking the energy of the whole system 
due to the growth of the crystal without change of the total 
entropy or volume, and setting this expression equal to zero, for 
equilibrium, 



^ i>2(cr'/ cosec CO 

~ Tt) -\- pv + 


— cl cot co) 


S 


(1) 





116 THE CURIE THEORY OF CRYSTAL GROWTH 

Compare Gibbs (23, Eq. 665). Here /ai is the thermodynamical 
potential of the solid and therefore of the liquid substances, T is 
the temperature, c the specific energy of the solid phase, and ly the 
specific entropy of the solid phase, v being the specific volume of 
the solid phase and p the pressure in the liquid. As /ii in the 

crystal must have the same value as in the solution, this equation 
shows that the expression 


^2(0-7 cosec 03 — (tI cot oj) 

S 



has the same value for all faces. It may be noted at once that 
/Ai has the same value which is found without reference to the 
capillarity—the latter in expression (2) above. Then, according 
to the general theory of equilibrium, 


fio = € — Trj + pv (3) 

In Gibbs (23, Eq. 91), c, rj, and V are total energy, entropy, and 
volume, whereas here they are taken as specific values. Thus, for 
equation (1) we may write 


cosec 03 — <tI cot w) 

Ml = Mo H--- (4) 

o 

This is not rigidly true, as in expression (Dp denotes the pressure 
in the liquid and this will be somewhat increased on account of 
capillarity. The second term on the right side of expression (4) 
should be multiplied by a factor that, for a one-component system 
(such as crystals in contact with a melt), would run after the 
fashion of [1 + V 2 /{vi — V 2 )], where V\ is the specific volume of 
the liquid and V 2 that of the solid phase. 

For the subsequent reasoning, however, the expression is suf¬ 
ficiently close to the truth. When dealing with a crystal in its 
solution, the correction may be entirely neglected, as Vu fhe 
specific volume of the dissolved substance in the solution, is very 
great compared with V 2 - We then have the following three conse¬ 
quences. 

I. The expression (2) yields the correction on the value of 
thermodynamical potential resulting from surface tension, and 
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this, again, must be the same for all faces. This supplies the 
condition governing the shape of a crystal, namely, that 


S(a-7 cosec w — o-i cot w) 

S 



must be independent of our choice of crystal faces. 

According to Gibbs, this may be expressed a little dilYerently. 
Let V be the volume of the crystal and the sum of crystal 

faces multiplied by the appropriate capillary constants; then, 
multiplying the numerator and denominator of expression (5) by 
dN (depth of growth), we can write 


dZ(<r^S) 

dV 



for expression (5). At equilibrium, this must be independent of 
the choice of faces and is true only if ^ia-S) is a minimum at 
constant volume. 

11. An even simpler formulation of the latter condition is ob¬ 
tained as follows. Let us take, from a point C, perpendiculars to 
the crystal faces, the lengths of these to be hi, ho, h-s, etc. Then 
the volume V is and dV = S(S*d/i). Whence 


dV = 

Now for the expression (6) we can write 


^i<TdS) 

h^ihdS) 

This also is independent of the choice of faces if, for each face, 
the normal h is proportional to the capillary constant <t. Whence 
it is seen that the central distances of the different faces are pro¬ 
portional to their capillary constants. In the paragraphs just 
noted, I and II, the Curie theory is shown, first, to be a rational 
development of Gibbs’ views, as also is the Wulff modification 
(2) in which the velocities of growth, normal to the different 
faces, are taken as proportional to the surface energies. 

In part III (following), Valeton shows that there is a more 
important conclusion, derivable from Gibbs, which escaped the 
attention of the earlier workers. 
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III. In expression (2) above, the numerator contains /, the 
crystal edge, and the denominator S, the surface area of the face. 
Hence the expression is inversely proportional to the linear di¬ 
mensions of the crystal. And since /xq is a specific energy and thus 
independent of the size of the crystal, expression (2) becomes 
\ anishingly small compared with /aq for an increase in crystal 
dimensions. Hence, for larger crystals, the influence of surface 
energy on the equilibrium may be neglected. Gibbs himself had 

something like this in view when he wrote (23, in a footnote to 
p. 325), 

On the whole, it does not seem improbable that the form of very 
mimite crystals in equilibrium with solvents is principally determined 
by equation 665 [Valeton (I)], i.e., the condition that 2(^-5) shall be 
a minimum for the volume of the crystal, except so far as the case is 
modified by gravity or the contact of other bodies, but as they grow 
larger (in a solvent no more supersaturated than is necessary to make 
them grow at all), the deposition of new matter on the different sur¬ 
faces will he determined more by the nature (orientation) of the sur¬ 
faces and less by their size and relations to the surrounding surfaces. 
As a final result, a large crystal, thus formed, will generally be bounded 
by those surfaces alone on which the deposit of new matter takes place 
least readily, with small, perhaps insensible truncations. 

It would appear then, that the role of surface tension never 
becomes sufficiently decisive in crystal growth to influence the 
habit on other than very tiny crystals, excepting in the cases 
instanced (metals, etc.), where admittedly no better explanation 
has been afforded. 

This is not to deny the existence of these forces, however, and 
a recent paper by Barillet and Choisnard (24) appears to demon¬ 
strate their existence, though not in a manner to modify the habit 
of crystals. They bring a saturated aqueous solution of am¬ 
monium chloride into contact with a layer of oleic acid, in which 
solid ammonium chloride is soluble to the extent of 0.8 gram per 
100 grams. They then proceed to vary the saturation of the two 
liquids, and each experiment consists in shaking up a quantity 
of dry powdered ammonium chloride crystals with the two 
liquids. They find that, when the aqueous solution is under¬ 
saturated, all the solid ammonium chloride solid is located in the 
aqueous layer, but, when supersaturated, the solid enters the oleic 
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acid layer. In the latter event, addition of water or gentle warm¬ 
ing (in either case producing unsaturation of the aqueous layer) 
causes, on further shaking, the solid to re-enter the aqueous layer. 
If both aqueous layer and oleic acid layer are supersaturated, the 
solid crystals again choose the former, though addition of fresh 
oleic acid reverses the process. These workers take this as 
demonstrating that there is a change of surface tension solution- 
solid as the degree of saturation varies. A quotation from Ewald 
(25) would seem to form a fitting (and, for the Curie theory, com¬ 
prehensive) comment. He says: 

It is improbable that the Curie hypothesis tells the whole story about 
the essential cause of crystal-form. An important part is clearly played 
by the mechanism of crystal-growth. Thus, the decision with respect 
to the actual crystalline form falls outside the scope of lattice-mechan¬ 
ics as at present developed and becomes a problem to which lattice- 
mechanics can only contribute the calculations of the external fields of 
force which the growing crystal produces in the solution or fused sub¬ 
stance and under the influence of which the constituents which are to 
go to the formation of the lattice move into their places. According to 
the nature and strength of these fields, the transport and final settle¬ 
ment of the material will proceed faster or more slowly and the speeds 
of growth of the individual faces will determine the crystalline form. 
The production of the ideal “Curie” form and the establishment there¬ 
with of final equilibrium would be delayed by the slowness of trans¬ 
port of the material in conjunction with the small increase of energy 
involved in the transport. 
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Tike So-^Calletl 'V elocities 

of Growiln 


The idea that the rates at which faces push forward from the 
center of the crystal can be taken as proportional to their “Curie’' 


surface energies appears to have 
been first advanced by G. Wulff 
(1). His apparatus, devised to 
eliminate the influences of con¬ 
centration streams on the grow¬ 
ing crystals which produce un¬ 
even growth in different portions, 
has already been described 
(Chapter 2). Wulff’s method 
was to use a colorless nucleus of, 
say, ammonium-zinc sulphate 
hexahydrate and immerse it (in 
his rotating-cylinder apparatus, 
Fig. 15) in a slightly supersat¬ 
urated solution of some isoraor- 
phous salt which is capable of 
continuing to grow on it [e.g., 
ammonium-ferrous sulphate hex¬ 
ahydrate (Mohs’ salt) (Fig. 
45) ]. He then measured the ac¬ 
cretions on the different faces 



Fig. 45. Growth of colored fer¬ 
rous ammonium sulphate on a 
colorless nucleus of zinc-ammo¬ 
nium sulphate, (Wulff.) 


and reduced the data to correspond with a value of unity for the 

slowest advancing faces {20l) in the case of the latter salt. Wulff 

points out that there are two aspects of growth [viz., extension 
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of a face sideways (Ausbreitung) and growth along a face nor¬ 
mal joining it to the center of the crystal (Verschiehung)\j the 
former depending very largely on the latter. He also accepted 
the view first propounded by Bravais (2) that the surface energies 
(and the rates of growth) were inversely proportional to the 
reticular or lattice densities of the planes of the crystal so that 
those surviving would be just those of the greatest density of 
atoms and all others would steadily remove themselves by their 
superior speed of advance forward. 

His pupil Weyberg (3) continued his measurements on am¬ 
monium-iron-alum growing upon a nucleus of common alum, 
and he arrived at similar conclusions. Later workers have 
tended to scrap, or ignore, the connection between growth veloc¬ 
ity and surface energy, and their experimental work can be 
divided into two main types in so far as the one uses ordinary 
crystal nuclei while the other uses turned and polished spheres 
for the same purpose. Much of the work has been done at Kiel 
under the inspiration of Johnsen. Questions for attention are 
such as: Does every face have a constant velocity of growth 
when compared with its fellows? Is the velocity variable with 
supersaturation or temperature? How does the presence of 
unrelated forms on either side of it affect its growth rate? John¬ 
sen (4) points out that, on account of the differences in the 
velocities of growth of the different types of face, a crystal con¬ 
tinually strives to have the slowest extending faces as its boun¬ 
daries. (The velocity of growth normal to a given plane is 
referred to by various authors as Verschiebimgsgeschwindigkeit, 

or displacement velocity and, more commonly, Wachs- 
tumsgeschvnndigkeit, “W.G.,” or growth velocity, the vast pro¬ 
portion of this kind of research having been performed in the 
various German Schools of Johnsen, Rinne, Gross, Spangenberg, 
and others.) No matter what the initial shape of the crystal 
(Ausgangskdrper), it will, on growing, approximate more and 
more to a final form, constant for that crystal under given con¬ 
ditions of supersaturation and temperature (Endkorper). For 
example, the final form of potash alum will be an octahedron, 
and, if the initial stage is also an octahedron, no change will 
occur during growth except that the crystal will grow bigger. 
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If the crystal is a cube in the initial stage, a length of time 
will elapse before the octahedron will sufficiently predominate 
to push out the cube facets remaining. On a sphere, many 
facets will at first be privileged to make an appearance, but, as 
time goes on, those with the greater values of growth velocity 
will systematically disappear. If the growth is suspended too 
soon, the real “end body” for the crystal will not have had 
time to develop. 

A similar state of affairs also exists in the case of dissolution. 
The initial stage of the crystal, still called the Ausgangskdrper, 
may exercise a considerable influence on the dissolution, but 
ultimately, if the process is carried out long enough under uni¬ 
form conditions of undersaturation, an end form is attained 
quite different from that produced by growth. Small degrees of 
undersaturation yield end forms on which such bodies as four¬ 
faced cubes and icositetrahedra are recognizable, and. though 
somewhat rounded, display edges and corners. As the under¬ 
saturation is increased, however, the latter tend to merge in a 
more general rounding off of the crystal habit so that spherical, 
elliptical, and similar shapes are approached. 

Further data on this aspect of crystal-dissolution will be 
found in a later chapter. 

Johnsen also classifies faces belonging to a crj^stal as “real” 
when they are actually present and “virtual” when they are 
possible faces (i.e., when they may be obtained by truncation 
or beveling of existing edges or corners). A change in the rela¬ 
tive growth velocities of two forms adjacent to each other may 
cause a virtual face to become a real one and vice versa. 

Johnsen first gave the condition for a virtual face to become 
real, an emergency depending upon growth velocity and angular 
relationship to adjacent forms. In Fig. 46, /j and /2 are traces 
of two real faces with growth velocities Vi/v 2 = ri/ro, and K 
represents the edge of intersection of the two faces, rising vertically 
through the plane of the paper. The distance of K to the origin 
point is equal to p. is the virtual face in the same zone as fi , 
and /2 and is inclined at an angle 0 to /i. The condition for /a 
to become real is that the growth velocity is less than ra, whose 
origin-po int distance is given by the expression = rj cos <l> -|- 

psint/)^! — (ri^/p^). ^Vhen a crystal is dissolving, the virtual 
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faces /a will then become real if its dissolution velocity Vs is 
greater than rs. 

It may happen that there are more than one virtual face in the 
zone / 1 / 2 . In Fig. 47, fs and fs' are both virtual faces, fs' having 
an angle of <t>' to /i as well as fs having, as in the first statement, 
an angle of <t> to /i. Take <t> as greater than The growth 

K 


/3V 

/ 

// 


Fig. 46. (Johnsen.) Fig. 47. (Johnsen.) 

velocities of fs and fs' will be Vs and Vs', and Vs < rs and Vs' < rs', 
whence, for/a and not fs' to appear as a real face, the expression is 
given by 

Vs' sin 4> — vi sin (<t> — <t>') 

Vs < -—- 

sin <t> 

The condition for fs' to appear between faces /i and fs can then 
be ascertained as in the first example. 

The problem is approached from a somewhat different angle by 
Borgstrom (5). Two adjacent faces, S and S', shown in a side 
view in Fig. 48, are growing, the velocity of growth of S being 
taken as constant and equal to h over a unit interval of time, 
while S' is allowed different rates represented by hi, hsj hs, h^, 
and so on. The angle between the normals to S and S' is a, and 
the point K, representing the edge where the newly extended faces 
meet, is joined to A, which represents the edge of intersection of 
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the two faces before new growth began, AK divides the angle a 
into two angles v and u'. Taking h* to represent any value of the 
type hij /i 2 , etc,, we see that 

h* cos y' 
h cos V 

At a certain value of (/12 in Fig. 48), y = 0 and the plane S', 
extended by growth, meets similarly extended at B. In this 

B K 



case, h'/h = cos a and there is no encroachment of either face 
on the domain of the other. When h'/h > 1/cosa, the face 
will decrease relatively to S during growth which, if sufficiently 
prolonged, will result in its extinction. If h'/h < cos a, the oppo¬ 
site will happen and S will tend to disappear. 

Borgstrbm works out a number of possibilities for a variety of 
systems, examples of which, for a number of cubic forms, are 
included in Table 8. Tables and calculations for the other sys¬ 
tems are given in the same paper. 

A further application of the idea of fixed velocities of growth is 
given in a short paper by Johnsen (6) in which he discusses the 
conditions for the growth together of two adjacent, dissimilar 
crystals, as, for instance, in a eutectic solidification. For sim¬ 
plicity, the two are shown as of rectangular outline, I and II, 
having growth velocities, the former V and 7', and the latter v 
and v' (Fig. 49). At the initial moment of contact, the crystals 
appear as two adjacent rectangles of size 27 by 27' and 2y by 2y', 
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TABLE 8 

Limiting Values for Relative Velocities of Growth in the 

Cubic System 


(Borgstrom, 5) 



Cubic face 
is ( 100 ) k and h‘ 

Cubic face 

' is ( 111 ) A and A' 

Cubic face 

' is ( 110 ) A and A' 

With 

( 111 ) 

a = 54° 44' 0.577 

to 

1.732 


a = 35° 16' 0.816 

to 

1.225 

With 

( 110 ) 

a = 45° 0.707 

to 

1.414 

a = 35° 16' 0.816 

to 

1.225 


With 

( 112 ) 

a = 35° 16' 0.816 

to 

1.633 

a = 19° 28' 0.943 

to 

1.414 

a = 30° 0.866 

to 

1.155 

With 

( 122 ) 

a = 48° 11' 0.661 

to 

1.667 

0 = 15047 ' 0.962 

to 

1.155 

a = 19° 29' 0.943 

to 

1.179 

With 

( 012 ) 

a = 26° 34' 0.894 

to 

1.341 

a = 39° 14' 0.774 

to 

1.550 

a = 18° 26' 0.949 

to 

1.265 

With 

(013) 

a = 18° 26' 0.949 

to 

1.265 

a = 43° 5' 0.728 

to 

1.643 

a = 26° 34' 0.894 

to 

1.341 


respectively. From the moment growth begins after this stage, 
inclusion of the latter by the former proceeds steadily in the 
manner shown. At the end, the larger crystal remains a rectangle, 
while the lesser one, through the restrictions imposed upon it by 
the larger one, assumes the shape of a trapeze or pentagon with 
a single plane of symmetry. The sides are inclined at an angle <i> 
to the long side of the original smaller crystal, while the ends take 
up orientations at an angle <t>' to the other face. Here, 0, and 
the distance S (see Fig. 49) are given by 
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tan <t> = 



tan <f>' 


vV 

V'iv^V) 



For example, when V = 20, F' = 12.5, v = 5, and y' = 2,5. Then 
S = 3.3, (t> = 7° r, and = 28° 4'. 

This shows that the boundary faces between I and II are “com¬ 
promise” faces which are not related to the I or II axial systems in 



Fig. 49. Growth of dissimilar crystals in contact. (Johnsen.) 

any rational way. Such “compromise” faces, which are char¬ 
acterized by the values 5, </>, and <t>\ deviate more or less from faces 
which would build up during unrestricted crystallization. If, 
however, values v and v' approach zero, so also will 5 , 0 , and 
another way of stating that, if II has no opportunity of growing, 
it will be included by I with no change of shape. The constancy 
of F, F', y, y' throughout the process is assumed, and this condition 
applies only when the temperature and concentration of the mother 
liquid remain constant, as may be reasonably supposed to hold 
for a crystallizing eutectic. Where, however, the temperature is 
varied through the course of crystallization, the values of <i> will 
vary (e.g., an increase in F compared with y' will cause 0 to be 
reduced). The boundary surfaces will then be curved. 

The examples given have all been worked out for faces lying 
m a zone. The far more complicated cases of non-tautozonal 
faces have received a thorough treatment by Ernst ( 7 ) whose 
paper should be consulted for further information. Gross ( 8 ), 
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too, has written widely on the subject of growth and solution 
velocities. 

A recent work using the ordinary shapes of crystals, as in 
the earlier work of Wulff, is that of Miss Bentivoglio ( 9 ). She 
investigated the relative rates of growth by suspension of the 
crystal on a horizontal pin which fitted into a narrow hole 
drilled in it. The crystal was removed and measured by means 
of a traveling microscope, the readings being accurate to 0.01 
millimeter. After the measurement, the crystal was immersed 
in fresh solution if further information was required. When a 
crystal consists of a single form, as for example the octahedron 
of potash alum, the initial sizes of the faces appear to make no 
difference, a small octahedron face having the same displace¬ 
ment rate as a larger neighbor. Even so, the constant addition 
of equal layers on all faces, large or small, leads to a definite 
tendency to uniformity, the larger faces having at a later stage 
much less preponderance than at the beginning. The idea that 
a fractured crystal heals itself by growth occurring with greater 
speed at the broken surface is exposed as a fiction. True, the 
healing process is obvious to the eye as time goes on, but only 
because the fracture assumes less and less importance as the 
crystal grows bigger and bigger. 

That the velocities of growth of different faces are not neces¬ 
sarily conditioned by the lattice density alone is shown by Miss 
Bentivoglio's observations on the { 201 ) type of faces on the mono¬ 
clinic double sulphates (NH4)2S04*FeS04-61120 and K2S04- 
MgS04-61120. These are strictly isomorphous, and the lattice 
densities of {201) in both cases must bear a similar relationship 
to those of the other simple faces of the crystal. Yet {20T) is the 
predominant form on the former salt but is pushed out on the 
latter. Again, parallel faces at opposite ends of a polar axis grow 
at different rates in spite of their reticular densities being identical. 

The position of rare and unusual faces in a crystal, occurring 
as a result of some chance condition of growth (or possibly put 
there deliberately by an experimenter), is precarious. The out¬ 
ward growth rate is far in excess of those of its closest neighbors, 
and its very speed causes its elimination and replacement by 
the slower growing planes. During this process, the velocities 
of growth of the latter planes in immediate contact with the rare 



THE SO-CALLED VELOCITIES OF GROWTH 129 

plane will be themselves disturbed (as compared with their 
compeers farther removed from it) and the disturbance will be 
greater the larger the size of the rapidly growing face. This 
seems to be due to the impoverishment of the solution locally, 
so that surrounding faces of the more usual types are actually 
growing in a less concentrated solution than their relations at 
a greater distance. Hence it cannot be used as evidence con¬ 
trary to the views expressed by various workers [e.g., Gross 
(10)] that the velocity of growth of a given crystal face is 
quite independent of the number and size of its neighbors. It 
would seem, however, that the fractured area of a crystal has 
the same conditions as a plane of excessive growth rate, and 
until the latter is replaced by slower extending planes, the frac¬ 
tured portion should tend to heal up. 

So far, then, it would appear that, if there are definite veloci¬ 
ties of growth for each crystal plane (or direction), these are 
not invariant but, as would be anticipated, vary considerably 
with the rate of deposition, which itself is dependent upon a 
large number of factors, particularly the degree of supercooling 
or supersaturation and the rate of evaporation. This is not so 
important as the possibility that the relative growth rates (i.e., 
when one crystal type is compared with a different type) may 
be capable of variation with conditions, and it has actually been 
found that they are. The example of alum is an outstanding 
one. Schubnikow (11) found that, at 23°C, the complexity of 
the crystals increases with the lessening degree of supersatura¬ 
tion so that the forms {100} and {110} have a better opportunity 
to appear than at the highest degrees of supersaturation, the 
velocities normal to {100} and {110} clearly having been less¬ 
ened to compare more favorably with that for {111}. This was 
emphasized in a paper by the writer also on the same substance 
(12), where the speed at which material became available for 
deposition on the growing surfaces was mentioned as one of the 
most important features regulating crystal habit in pure solu¬ 
tion. Figure 50 shows two typical crystals of potash alum, one 
by “slow cooling” and the other by “slow evaporation.” The 
latter has {100} and {110} better developed than the former, 
as compared with the predominant {111} form, as would be 
expected as they have been grown at a somewhat slower rate, 
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and both should be compared with the simple octahedron, the 
only form developed with rapid growth. Even with the crystals 
dealt with by the writer, and presumably by Schubnikow, as 
these have been grown in undisturbed solutions, a diffusion 
factor has intervened to improve the opportunities of {100} and 
{110} for manifesting, as otherwise, if their growth rates had 
been the only determining factor, neither could have appeared 
on the growing crystal. A method has been in constant use for 




Fia. 50. Pure potash alum grown by slow evaporation (left) and slow 

cooling (right). 

niany years which allows the velocities for any number of faces, 
up to fairly complex indices, to be measured (viz., the use of 
turned spheres of crystal suspended in the solution), and results 
from these have corroborated the views given above on the 
relationship of habit to supersaturation, as well as showing that 
the relative velocities of growth of two different forms may also 
be influenced by temperature. 

EXPERIMENTS WITH CRYSTAL SPHERES 

Although not the first experimenter to work with spheres of 
crystal turned mechanically from large, uniformly grown single 
crystals, Artemiev appears to have first seen the possibilities of 
the method from a theoretical standpoint. His work (13) con¬ 
tains several earlier references. Artemiev’s work was done with 
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spheres of alum and rock salt from 5 to 10 millimeters in diam¬ 
eter. The idea is that a sphere is a polyhedron on which faces 
with indices of the very greatest complexity may be regarded as 
present. As the crystal grows, some evidence of the i)resence of 
such faces and of their rates of growth relative to the major 
forms may be forthcoming. 

Artemiev observed that, in the early stage of the regrowth 
of an alum sphere, the whole spherical surface became studded 
with small but clear “subindividuals'’ which only reflected the 
light of his two-circle goniometer to correspond with planes of 
relatively low indices. For instance, the forms at first observed 
in this manner were {100}, {111}, {HO}, {211}, {221}, {210}, 
and (in the very earliest stages) {321}; {210} was distinctly 
pentagonal-dodecahedral as would be anticipated from the 
known symmetry of alum. Later only {100}, {110}, and {111} 
remained. In one case, measurements were made on a sphere 
88 millimeters in cross section, the results from this corroborat¬ 
ing those on the lesser ones. Observations on potassium-chrome- 
alum were similar except that {210} never appeared. With rock 
salt, the forms found to last longest were {100}, {111}, and 
{102}, with only an evanescent reflection from {110} which 
disappeared very quickly. The latter feature is interesting from 
a theoretical point of view. In all cases, as growth proceeds, 
the glittering points are encroached on by adjacent important 
planes and are continually absorbed by them. Many such 
developed spheres with their several forms have been photo¬ 
graphed and have appeared in the literature from time to time. 
It should be emphasized that they are not necessarily the final 
form (Endkorper) of the crystal (in fact, probably not), and, 
if growth were to be continued long enough, the usual single¬ 
form crystal (e.g., {Ill} for alum or {100} for rock salt) would 
be left. This collection of small reflecting crystallities on the 
sphere has been observed by most later workers and is referred 
to by them as the Zwischengebiet, giving the idea of a kind of 
no-man’s-land onto which the more successful planes ultimately 
extend. Similar surface structures are probably responsible for 
the “drusy” faces observed on so many minerals. The nature 
of the Zwischengebiet is well described in a paper by Gross and 
Moller (14). At first, it consists of subindividuals (rock salt or 
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sylvine) about 0.2 millimeter in diameter whose facets are {100} 
and {111}. As the domain of {100} is approached, the {100} 
surfaces on the subindividuals predominate more and more while, 
as a {111} pole is approached, the latter facets get bigger. A 
sphere which has not been polished after cutting is found to 
have much coarser subindividuals than one which has. 

Spheres of crystal have also been used to follow solution 
phenomena. Schnorr (15), using rock salt, found that the poles 
on the sphere corresponding with {111} first developed etch 
pits, followed by those of the icositetrahedron {hhl} around the 
position of cube poles. 

The final form of dissolution is provided by the latter and is 
the same as if the original crystal had been a cube. Schnorr^s 
observations when he used differing amounts of urea in the solu¬ 
tion appear to corroborate the views of Goldschmidt and Wright 
(16, 17) (viz., that the corners of a dissolving crystal correspond 
with the face poles of faces present on the same crystal during 
growth). Schnorr also makes the point that, whereas rapid 
growth accentuates the difference between the growth velocities 
of different forms, rapid dissolution appears to have the reverse 
effect, the different solution velocities approaching each other in 
value and the crystal remaining approximately spherical. In a 
later paper, he (18) compares results on spheres of rock salt 
with those obtained on crystals of the same material previously 
rounded by dissolution. He finds that the point-sprinkled state 
of the surface between important face poles called Zwischen- 
gebiet above, occurs on rounded crystals which are subsequently 
regrown, thus disposing of the idea that they may be caused 
by mechanical work on the surface, analogous to the cold work 
on metals, and due to the turning process of the lathe. The 
writer, too, has noted many examples of this kind. A crystal 
of alum taken out, dried, and seeded into another solution grows 
successfully, conditions being favorable, with no other evidence 
at the end than that afforded by a ghostly outline inside the 
end product. If, however, an octahedron of alum is placed as 
a seed in an alum solution containing the appropriate dye, the 
cube faces appear to grow, at least in certain stages, by the 
sprouting of small cubes from different portions of the face with 
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subsequent complete or partial coalescence (Plate 8). Similar 
happenings must have been very common in the formation of 
natural crystals, since numerous examples are known in the 
mineral kingdom (e.g., in the drusy faces so frequently described 



Plate 8. “Sprouting” cubes on {100} of potash alum. (Buckley.) X8- 
♦ 

in the textbooks), but fuller consideration of these must be left 
for another chapter. One of the first examples, though not 
exactly a Zwischengebiet but probably due to a similar cause, 
is a crystal of potash alum where a “seed” about 1 to li/4 inches 
in diameter, and grown cubic in habit by the incorporation of 
alkali in the original mother liquor, has been placed in another 
solution of pure potash alum. Instead of the cubic habit gradu¬ 
ally taking the shape of an octahedron by the process of pushing 
out cube faces and extending octahedral faces, the latter have 
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taken charge by a different process. Small octahedra have devel¬ 
oped along edge.-^ and all over the faces of the cube seed, and 
these have extended until the crystal, while still retaining its 
general cubic shape, only reflects light by virtue of the innumer- 



Pi>ATK 9. {Ill} (lovolopod on a ouho nucleus of fiottish alum. (Messrs. 

Peter Spence, Widnes. England.) XlU- 

able octahedral facets, tlie facets corresponding tf) the cube being 
reduced to pin-points (Plate 9). This example, in the writer’s 
j)ossession, was generously donated by Messrs. Peter Spence, 
Chemical ^Manufacturers, of Farnworth, Widnes, Lancashire. 
Plate 10 (a and b) was taken from two alum crystals which 
had been first rounded to near-spherical shape by lengthy dis¬ 
solution and then regrown. Although far from perfect, they 
give the idea of spherical Zwischengebiet reflections; ia) is from 
the parallel (110) facets and (6) from the larger parallel (111) 












Plate 10. 


Oval jjotash alum ciyslal regrown, showing multiple reflexions 
(a) of (110) facets; (b) of (111) facets. X3. 
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facets. It should be remembered that in these spheres the dull 
portions will also reflect light if the angle is appropriate. 

The most intensive work on the regrowth of mechanically 
turned crystals of rock salt and the various alums has been 
performed by the school of workers in the laboratories of 
Spangenberg, at Kiel and Breslau. Schnorr (18) was one of 
these workers. The more important papers are given in ref¬ 
erence numbers (19) to (28). Of these, (23) and (24) are 
Spangenberg’s own surveys of this and related fields of crystal- 
growth phenomena. The methods are, in general, the same as 
those of earlier workers. Spheres of 15 to 35 millimeters were 
used and the accretions to the flat surfaces measured by a 
“thickness measurer’' by Schuchardt and Schiitte of Berlin 
(Katalog C.1050, Messuhren, Seite 7, Nr C 468 a). The accuracy 
in ideal circumstances is of the order of ±5 microns, which is 
far more refined than the circumstances of the experiments need 
(e.g., discrepancies of unevenness, vicinal replacements of faces, 
etc.). 

The results verify and amplify the earlier work, though the 
extension of observations from {100}, {110}, and {111} to the 
more complex forms is strictly limited by the fact that the 
sphere, instead of becoming an assemblage of tiny facets of all 
degrees of complexity, as a rule shows no forms with indices 
more complex than {221}. One interesting feature of the later 
work on rock salt is that Artemiev's observation on the absence 
of {110} from a growing sphere is confirmed. Figure 51c is 
similar to one in Neuhaus' paper (27). Not only is {111} 
superior to {110} but so also is {210}. On reticular density 
alone, {110} ought to be second in importance to {100}. Figures 
51a and 516 are copied from Gunther's work (25), and they 
show the early stages of development of the sphere, in this case, 
of ammonium alum. Even at this early stage, the only well- 
marked flats on the sphere are those corresponding with the 
faces developed in the accompanying figure, which are the cube 
(a, 6, c), the rhombic dodecahedron (w, etc.), the octahedron 
(o, etc.); the faces of the icositetrahedron {211} are shown as 
the unnamed facets surrounding each cube face, and those of 
the pentagonal dodecahedron {201} are indicated by blackening. 
Later pictures show {201} and {211} disappearing, in that order. 
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The juxtaposed cross sections showing such diminutions are 
given in Fig. 52. In the case of potassium-chrome alum, the 
minor forms show even less tendency to develop on the sphere; 



(a) (b) (c) 


Fig. 51. (a) Early stage in growth of sphere of potash alum. (6) A later 

stage: a, b, c, cube faces; m, dodecahedron; o, octahedron; pyritohedron 
{210} blacked in (after Gunther), (c) Rock salt developed from a sphere 
and showing {100}, {111}, and {210}. the latter a four-faced cube (after 

(Neuhaus). 

in fact (210} apparently does not do so and the sphere rapidly 
tends to the octahedral habit with good {110} and {100} facets. 



Fig. 52. Elimination of faces by rapid growth outwards (two views). 


The latter are usually surrounded by a raised portion or plat¬ 
form at the junction of the cube and other facets, and this raises 
the possibility that no 100 layer is deposited until the completed 
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surface beneath is lower than the surrounding crystal—a deduc¬ 
tion which might be arrived at from many observations of the 
writer on the alums and other substances and dealt with more 
fully elsewhere. The figures in Table 9 are taken from Gunther 
and Spangenberg’s data. It will be seen that not only does 
supersaturation cause a simplification of the habit of all the 


TABLE 9 

Gunther and Spangenberg’s Data on Growth Velocities of Faces op 

THE Alums 


Crystal 


Degree 

of 

Super- 

satura¬ 

tion 


Velocity of Growth of 


Stage of 
Operation 


111 110 100 112 012 122 


Potassium-chrome 
alum Weak Beginning 1.0 1.9 2.1 6.6 8.3 


Potassium-chrome 

alum 



Potassium-chrome 

alum 


Potassium-chrome 
alum Strong End 


Ammonium-alumi¬ 
num alum Weak Beginning 1.0 2.3 0.9 4.3 7.1 

Ammonium-alumi¬ 
num alum Weak End 


Ammonium-alumi¬ 
num alum Strong Beginning 1.0 1.9 1.8 3.2 5.1 


Ammonium-alumi¬ 
num alum Strong End 


Potassium-alumi¬ 
num alum Strong Beginning 1.0 4.8 6.3 
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crystals, but also that the relative velocities suffer small changes 
as the minor forms on the original sphere are eliminated, shown 
in the differences between “beginning” and “end” values. As in¬ 
creased supersaturation does not affect the growth veh)cities of 
all important faces to the same extent, distinct changes in the 
habit are occasioned by variation in degree of supersatiiration. 

Observations have been made also on hollow hemispheres 
ground out of large crystals. In the case of chrome alum and 
with very small degrees of supersaturation, the hemispherical 
sides soon develop flats which are found to correspond with 
(111) and (100). The locations of (110), (112), and (012) are 
not plane but curved. The Zwischengebiet during solution 
remains polished and shiny. By using hollow hemispheres of 
ammonium-alum, all the faces (111), (100), (110), (112), and 
(012) could be developed as flats. Friedel (29) has also experi¬ 
mented in this direction. He conducted a stream of slightly 
undersaturated solution into two hollow cylinders ground out of 
an alum crystal, one along a trigonal axis and one along a 
digonal axis. He found that there is similarity between con¬ 
vex growth and concave dissolution, the same faces developing 
in each case. Neuhaus (27) corroborates this in his experiments 
on rock salt hollow hemispheres. On these are developed {100} 
and {210}, with possibly {110}; but, strangely, no trace of 
{111}, which, on a growing sphere of rock salt, is second in 
importance to {100}. It will be seen therefore that there is no 
exact correspondence between concave dissolution and convex 
growth. Neuhaus also conducted a large number of experiments 
on growing spheres of rock salt. His apparatus is shown in 
Fig. 53 and may be regarded as typical of the arrangements of 
these research workers. It is almost self-explanatory. There is, 
in addition to thermostatic control of the water system, an air 
thermostat over the system, with an elaborate arrangement of 
fans and stirrers to even out temperatures. The current of dry 
air which flows over the slightly supersaturated solution was 
found necessary because the drops of water which formed by 
the condensation of the vapor over the warm solution (e.g., 
30°C) fell back into the latter and, as the supersaturation was 
very small, had the effect of producing temporary undersatura¬ 
tion sufficient to extend around the growing spheres. This had 
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the unexpected effect of causing a negative value for the growth 
rate (outwards) of the {100} poles on the sphere. At the same 
time, the face poles of (111), (210} (Neuhaus also got meas¬ 
urements on (110}) were extending (e.g., an average of re¬ 
peated and several-times-confirmed figures was Vioo = — 4 units, 
^111 = +49, 1^210 = +106, and fuo — +164, one unit being equal 
to 20 microns). This would have been valuable support for 

RitzeFs view of the possibil¬ 
ity of the transfer of material 
from one portion to another on 
a crystal while immersed in a 
solution of uniform saturation, 
due to differing values of solu¬ 
bility with different forms. 
However, after the elimination 
of the water dropping by pas¬ 
sage of a current of dry air at 
the temperature of the air ther¬ 
mostat over the solution, the 
anomaly disappeared and there 
was no dissolution on the {100} 
poles of the sphere. As, how¬ 
ever, the (100) face of rock salt 
is not only the slowest extend- 
ing face in growth but also the slowest receding in dissolution, 
the mechanism of the interference of the water drops is not en¬ 
tirely clear. Neuhaus’ conclusions, derived from his experiments 
with growing spheres or hollow hemispheres, are identical with 
those already given in reviewing the work of Miss Bentivoglio 
(9) whose measurements and observations were conducted on 
more normal and uniform types of crystal. It would not appear, 
then, that the use of a spherically turned crystal does much 
more than extend the limits of observation to include the few 
forms, which do not ordinarily appear on the growing crystal 
but are already knocking at the door, so to speak. These often 
develop on a crystal when growth has been interrupted by a 
period of dissolution [e.g., Schnorr (18)]. The conclusions of 
Spangenberg and his co-workers have been criticized by Ernst 
(30), who worked on similar lines with spherical crystals. He 



growth of cr>'.stal spheres. 



EXPERIMENTS WITH CRYSTAL SPHERES 


141 


finds that the more rapidly growing faces do not have a constant 
displacement velocity. 

Stober (31) on different theoretical grounds, which almost 
anticipate certain of KosseFs classic work, supports this view 
for crystals where growth in one direction (or in more than one 
direction) is impeded. Thus (31, p. 157), he says (freely trans¬ 
lated): “A tabular crystal under certain external conditions 
grows quicker on its limiting side facets the thinner it is. Gen¬ 
erally speaking, if the growth of a crystal in a given direction 
is impeded, the growth energy and the growth displacement in 
all other directions at right angles to it are enhanced.” 

A reply to his criticisms has been made by Nitschmann (28), 
who disputes the accuracy of Ernst’s work on the grounds that 
insufficiently elaborate precautions were taken during the growth 
and seed crystals allowed to develop, Nitschmann restudied the 
growth of rock salt spheres with special emphasis on the nature 
of the various important surfaces remaining after the Zwischen- 
gebiet has been swallowed up. He finds these to be invariably 
vicinal replacements of the major forms. For instance, the 
{100} types are always represented instead by {/iA:0}, types, 
while the {210} faces are replaced by {hkl} vicinals of very 
slight deviation from the theoretical positions. The {111} type 
planes are replaced by several types, with “indices” of the 
{hkk} (i.e., three-faced octahedral) and {hhl} (i.e., icositetra- 
hedral types. In addition there are some of the [hkl} types. 
At a later stage of {111}, the [hkl] types predominate. The 
closest approach to the {110} positions were found in such 
vicinal planes as (750) in the [001] or Z-axis zone and (661) 
and (10.10.1) in the [110] zone [i.e., between (110) and (111)]. 
There would appear to be nothing strange in these substitutions 
as they are only in keeping with observations in the wider field 
of crystal growth. 

An interesting development of the method of growth on spher¬ 
ical crystals was supplied by Erdey-Gruz (32), who grew single 
crystals of silver by the Bridgman method (loc. cit.)^ and, by 
shaping the crucible so that it terminated in a sphere, obtained 
crystals of this shape and of about 6 millimeters in diameter as 
starting points for subsequent grow'th (obviously, on account of 
the ready way in which single crystals of metal can be deformed, 
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no mechanical work could be performed to turn a crystal sphere 
from a larger mass). The sphere was then made the cathode 
and a large silver hollow sphere the anode of an electrolytic cell 
(actually made of two similar hemispheres joined together and 
to a common supporting tube). See Fig. 54. The supporting 
rod of the spherical silver cathode was enclosed in a glass tube 
to insulate it, and all was kept thermostatically at 25°C. Imme¬ 
diately prior to an experiment, the sphere was 
etched with nitric acid and then heated to 
800°C for 10 to 20 hours to insure a clean 
surface. Current densities of from 0.8 to 
300 X amperes per square centimeter 

were used. A current density of 3 to 6 X 10”® 
amperes per square centimeter appeared very 
suitable. There are about 1.2 X 10^® silver 
atoms in a square centimeter of the cube face 
of the silver lattice; consequently a current 
density of 2 X 10”’* amperes per square cen¬ 
timeter will provide about one atom layer per 
second. Other surfaces are somewhat dif¬ 
ferent, but current densities of several units of 
10 ”® amperes per square centimeter will cause 
a release of about one atom layer over a 
square centimeter in each case. The larger 
value given above was the upper limit for regular deposition. 
A large variety of silver salts were tried as electrolvte (e.g., 

AgNOg, AgNO-i -b KNOa, AgCI04, Ag.O + NH 3 , AgCNS). It 

was found that none of the pure salts used alone provided good 
uniform deposits but rather a mass of parallel-deposited sub¬ 
individuals often without well-formed faces, or dendritic exten¬ 
sions. With solutions of two salts, greater success was attained. 

A short summary is given in Table 10. 

Solutions also vary in effect according to the proportions of 
components in the mixture. Erdey-Gruz has studied the prob¬ 
lem from the point of view of the Kossel and Stranski theories 
of crystal growth (to be discussed later) and finds that the 
presence of such forms as {310}, (720), and (510), where the 
cube itself ( 100 ) is absent, cannot be explained by these theories, 
as also the presence of {211} and {521} without {111}- The 



Fig. 54. Silver 
single - crystal 
sphere growing by 
electrolysis. (After 
Erdey-Gruz.) 
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TABLE 10 


Growth of a Silver Sphere by Electrolysis 

(Erdey-Gri'iz, 32) 

Faces Developed on 


Nature of Solution 


.\g sphere 

Agl -h KI 

100 , 

211 . 

521 

AgBr -|- KBr 

111 , 

720, 

211 

AgBr -f- NH 4 Br 

111 , 

310 


AgBr -P NHs 

111 , 

720, 

110 

AgCI -h NH 4 CI 

111 , 

510 


AgCl -h MgCl 2 

111 , 

100 , 

310, 211 

AgCl + NH 3 

111 , 

100 . 

110 

Ag 20 + NH 3 

100 , 

Ill 


AgCN -h KCN 

111 . 

110 , 

100 , hkO 


above variations would appear to fall into line with numerous 
other observations on the variation of crystal habit in the pres¬ 
ence of impurities, a subject also to be discussed later. 

In a later paper, Kossel (33) also deals with spheres of metals. 
These are either etched by a suitable reagent (e.g., ammonium 
persulphate on a Cu sphere) or are grown over by electrolysis. 
Their Zwischengehiete are followed by the reflection of a distant 
small but intense source of light, and many photographs are 
shown with the vicinal and other extensions from the spherical 
poles of the more important faces and in certain zones. 

It is evident, then, that the growth of crystals whose prelimi¬ 
nary shapes {Aiisgangskdrpern) were spheres has provided much 
useful evidence of the nature of slow uniform growth besides 
affording corroboration of views and estimates gathered by the 
study of crystal growth as ordinarily carried out. The validity 
of the rule that every face has its own growth or displacement 
velocity can obviously only be accepted when the conditions of 
temperature, supersaturation, environment, and chemical con¬ 
dition of the mother liquor are accurately specified. AVhen the 
latter are known, the conception is useful in the building up of 
a picture of how the crystal grows, but the picture may be mis¬ 
leading, as, in circumstances other than slow uniform growth, 
the crystal before us may have grown first as a fairly extensive 
three-dimensional dendrite which later filled in in a manner 
hardly reminiscent at all of the ordered progress resulting from 
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the operation of a set of Verschiebungsgeschwindigkeiten. Even 
with the more orderly development of a crystal sphere, Kossel 
disputes the assumption that the same uniform conditions will 
hold from start to finish. The whole conception of constant 
velocities of growth would seem to be in jeopardy if a work of 
Ludwig Wulff published sixty years ago (34) is to be credited. 
He found that, under equivalent conditions of separation of 
solid, crystals which were free from inclusions grew more slowly 
than those possessing these faults. With extremely slow depo¬ 
sition, increase in size of the inclusion-free crystals might be 
too small to register, although the faultier ones might be grow¬ 
ing for weeks or months in the same environment. This is 
shown in the following measurements: A clear NaCl crystal, 
measuring 6 by 2% by 2 millimeters, was, after nine weeks, 
33 by 28 by 16 millimeters; a second similar example changed 
from S% by 2% by 2% to 33 by 29 by 14 millimeters. In the 
same solution, two inclusion-rich crystals grew over the same 
period from 3 by 2% by 2^/4 to 42 by 41 by 18 millimeters and 
from 2% by 1% by 1^^ to 38 by 35 by 19 millimeters, respec¬ 
tively. One incidental crystal, which commenced in the third 
week of growth and was clear, grew to 9 by 10 by 3% millimeters 
in the fifth week and for the remaining four weeks remained 
stationary although two other crystals, also incidental ones in 
the seventh week, were bigger than it after the remaining two 
weeks. Wulff concludes that 

. . . from observations on these and on K-alum, iron-vitriol, salam- 
moniac and cane sugar we see that homogeneity and inhomogeneity of 
crystals are not solely the consequence of differences in the growth rates 
and susceptibility to corrosion, but that they may even be regarded as 
causing these latter. Hence we have growth velocity and etching- 
susceptibility in a “fluctuating relationship’^ (Wechselzusammenhang) 
with crystal homogeneity and inhomogeneity. 

None of the work quoted in this chapter has any bearing on 
this problem and, if it should be verified, it will detract from 
the values of crystallization velocity whether measured on grow¬ 
ing uniform crystals or on crystal spheres, for the crystals from 
which these have been turned, being large, are likely to have 
flaws and inclusions here and there in them; Wulff finds the 
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rule to apply to the same crystal when one portion is clear and 
the other has inclusions. The work described does not appear 
to have been disproved, nor does it appear to have entered into 
the current crystallographic thought of the past half century. 

Since this chapter was written, notice has been made of sev¬ 
eral other workers, particularly those engaged in the growth of 
large crystals, having commented on this very fact. All these 
observations are fairly recent, and none of the authors appears 
to be aware of the original observer herein quoted. 
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Althougli the later-developed diffusion theories held sway for 
a number of years after the shortcomings of Curie’s surface- 
energy theory had \cd to a decrease in the latter’s popularity, 
it must be understood that they were developed independently 
of it and that they date from a period nearly as early. The 
two theories may, in fact, be regarded as contemporary and, 
though somewhat dated by the more popular theories involving 
an atomic conception, may still be said to hold just such an 
element of truth in them as to stimulate further consideration, 
especially where restriction of one kind or another is applied 
to the crystal attempting to grow. The diffusion theories will 
be treated historically in the following pages. 

The Diffusion Theories of Noyes and Whitney and of Nernst 

The more modern diffusion theories may be said to date from 
the publication of a work, dealing principally with the dissolu¬ 
tion of crystals, by Noyes and Whitney in 1897 (1), They con¬ 
sidered dissolution to be practically a diffusion phenomenon and 
put forward the equation 

dx = KS(Co - C 2 )dt (1) 

Here *S is the surface of crystal exposed and Co and Co are the 
concentrations of the solution at saturation and of that actually 
prevailing in the case studied, C 2 representing undersaturation 
during dissolution and, if applied to growth, supersaturation. 
The terms Co, C 2 are used here and throughout the following 
pages for the sake of consistency; most authors use different 
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terms.* dx is the amount detached from the surface and dt the 
length of time taken in the process of detaching the amount dx. 
This equation represents a pure diffusion process. No account 
whatever is taken of any time required, at the actual crystal 
surface itself, for the molecules or ions to disengage themselves. 
The dissolution process probably approximates more to a dif¬ 
fusion process than does growth, and some later workers have 



Fig. 55. Concentrations 
around a crystal immersed 
in a solution. Co = satura¬ 
tion; C 2 = concentration in 
bulk of solution. (Nernst, 
Noyes, and Whitney.) 



a 

\ 




Fig. 56. The same, after Berthoud, 
etc., etc., being the con¬ 

centrations at the different surfaces. 


claimed to find evidence in favor of this view [e.g., Leblanc and 
Schmandt ( 2 ) experimenting with K 2 SO 4 , K 2 Cr 207 , and NaClOs]- 
The latter workers find that the value K in the Noyes and Whit¬ 
ney expression has different values for growth and dissolution, 

♦Terms for the different concentrations of a solution are variously given 
by the different authors in their theoretical treatments. Here they are 
standardized as follows: the simple case of saturation is represented by 
Co; the supersaturation existing in the bulk of a solution about to crystal¬ 
lize or, conversely, the undersaturation during dissolution by C 2 ; on the 
other hand, the concentration Ci is peculiar to the diffusion theories of 
Berthoud, Valeton, and Friedel and is stated by them to represent that 
degree of super- or undersaturation prevailing in the layer in immediate 
contact with the crystal surface. Figures 55 and 56 show outlined several 
different face types of the same crystal with the appropriate C. Ci(A*Oi 

and C 2 values. 



NOYES AND WHITNEY; NERNST MO 

except for NaClOs at higher temperatures. Marc (3. 4) also 
repeated a number of their experiments and found the same 
(viz., that in general, there was no reciprocity; i.e., that K for 
growth and dissolution was different). According to the Noyes 
and Whitney expression, further elaborated by Nernst in 1904 
(5), there is an infinitely rapid reaction at the surface, and in 
this region the solution, whatever the value to be assigned to 
C-j, actually has the value Co (i.e., the saturation concentration). 
The dissolution velocity would depend principally upon the 
diffusion gradient (Co — Co). Furthermore it was applied to 
the growing crystal, where the diffusion gradient would he 
(C2 — Co). As modified by Nernst, the equation (1) stood as 

DS 

dx = - (Co — C2) dt ( 2 ) 

5 

where Co, Co, dx, and dt have the same significance as in equa¬ 
tion (1), while 1) is the coefficient of diffusion. S the area of 
crystal, and 5 the thickness of layer through which diffusion is 
taking place. By intense agitation, B can be made to assume 
very small values. Now, for the rule of Nernst and of Noves 
and Whitney to apply, the rate of growth or dissolution of all 
the different faces would need to be equal. As is well known, 
they are not, and in order to explain the fact, Wagner (6) worked 
on the hypothesis that different types of face had different values 
for the thickness S of diffusion layer opposite each. He found 
about 20 to 50 microns to be the thickness corresponding with S. 
This may be regarded as a layer of quiescent solution sheltered 
by the crystal from the strong currents produced by the agita¬ 
tion. Wagner was, however, dissatisfied with this mode of over¬ 
coming the difficulties of the pure diffusion theory. Furthermore 
Lebrun (7) found 126 to 134 microns for the S value in NaNO.T 
solutions. The layer, too, as might be expected, seemed to differ 
considerably with the vigor employed in the stirring, and at the 
other extreme we find that Marc conducted stirring so intensively 
that the layer was reduced to dimensions little greater than the 
molecular. Marc, as stated elsewhere, believed there was nothing 
left but a thin skin partaking of the properties of an adsorbed 
layer. Berthoud (8) pointed out that the values described, 20 to 
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50 or 126 to 134 microns, were all well outside the range of 
molecular forces. The idea, then, that the anisotropic nature of 
crystal growth could be allowed for by an assumption of differ¬ 
ent thickness of diffusion layer (cause unexplained) was deemed 
unsatisfactory. There is no doubt that, in the big majority of 
cases where crystals grow, there is an important factor intro¬ 
duced owing to the presence of a diffusion layer of some thick¬ 
ness, but this alone may be considered insufficient to explain the 
phenomena associated with growing crystals. At the same time, 
the laws of diffusion do operate and it is useful at the present 
stage to study their development, while realizing that the ani¬ 
sotropy of crystal growth has somehow to be associated with the 
known properties of crystal surfaces and solutions. Here are the 
possibilities: (a) the thickness of diffusion layer may vary from 
face to face (already shown to be an unsatisfactory assumption 
to work upon), or (6) the assumption of different solubilities on 
the different faces (i.e., that each face has a different value for 
saturation-concentration, Co). This view has been defended by 
Ritzel (9) (see the paragraphs on Curie’s theory). But, what¬ 
ever the truth attached to this viewpoint, it has never been suf¬ 
ficiently well attested to do away witli the necessity for exploring 
other avenues of approach. Finally, there is possibility (c), that 
there is not, as assumed in the pure diffusion theories, an infi¬ 
nitely rapid reaction at the crystal surface, but that time is 
needed to arrange (or disarrange) the particles there, and the 
Nernst equation will require modifying in a way that will give 
expression to the different velocities of reaction between the 
different surfaces and the surrounding solution. 

Berthoud’s Diffusion Equations (8) 

Berthoud was the first to investigate possibility (c) and reach 
a definite conclusion. His modification of Nernst’s expression 
may be discussed at once. The concentration at the crystal sur¬ 
face is not, as assumed by Nernst, Co, the saturation concentra¬ 
tion, but, during growth, some higher value Ci, which is itself 
less than the supersaturation C 2 obtaining in the bulk of the 
solution. Stated simply, C 2 > Ci > Co during growth, while 
during dissolution C 2 < Ci < Co. In any given case of a crystal 
growing in a supersaturated solution, the degree of supersatura- 
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tion Co, of the bulk of solution, will remain the same, no matter 
which plane of the crystal we are considering. So, also, will the 
simple saturation point Co, but for every different (hkl) plane 
there will be a different value of CiakD^ and this will depend 
upon the coefficient of crystallization-velocity A’l. Thus, if 
growth is rapid, ki will have a large value, and the diffusion 
process would be put to some strain to deliver the material, 
whence Ci would be less, though always greater than Co. In the 
simplest case, A:i may be taken as proportional to the velocity 
of growth, which is itself proportional to the effective supersatu¬ 
ration (Cl — Co). Then, in the form of the Noyes-Whitney 
expression, 

dz = kiSiCi - Co) dt (3) 

After a time, a stationary state is set up in which the material 
used up in the crystallization and taken from the layer in inti¬ 
mate contact with the crystal surface is balanced by that con¬ 
veyed by diffusion. Thus 


DS 

dz = — (C 2 - Cl) dt 
6 



By combining these two equations, Ci, a quantity which cannot 
be measured directly, is eliminated and the following relationship 
obtained: 


1 dz 

S~dt 


(C2 - Co) = R{C^ - Co) 

Ic 



First derived by Berthoud, this expression is essentially the same 
as those obtained by Valeton (10, 11) and by Friedel (12-14). 
For, if we take Berthoud’s expression, alter 8 to s, as used by 
the other two investigators, and multiply both numerator and 

denominator of the right side by a quantity /c/s, we obtain 


D 

k~ 

1 dz s 


S dt D 


(C2 - Co) 


( 6 ) 
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Compare this expression with the form of FriedeTs: 




(C2 - Co) 


and with that of Valeton: 



kK 

k + K 


(C2 - Co) 




The relationships are then rendered obvious. The Berthoud 
diffusion law differs from that of Nernst in some important 
respects. It includes the two measurable concentrations, C 2 and 
Co; factors S (area) and B (thickness) of the diffusing system; 
D, the diffusion coefficient; and A:, a factor proportional to the 
velocity of reaction at the crystal surface (i.e., dependent upon 
the speed with which atoms and ions can sort themselves out 
into the ordered arrangement of the crystal lattice). According 
to Valeton and Friedel, k is, for none-too-great variations of 
Co — Co, independent of the concentration and therefore ought 
to be the same whether C2 > Co, as in growth, or Co > C2, as 
in dissolution. Here is implied a quantitative correlation be¬ 
tween growth and dissolution, sometimes described as the “reci¬ 
procity” of the growth and dissolution processes. 

When k assumes a large value (i.e., approaching infinity), the 
reaction at the surface is infinitely rapid and only diffusion terms 
s, B, and D remain. The expression is then identical with the 
formula of Nernst, equation (2). The lower the value of k, the 
more important the reaction at the surface becomes. When k is 
very small, diffusion is then much less important, though, as 
stated elsewhere, no matter how slow the reaction at the surface 
may be, if the crystal grows in a quiescent solution, diffusion 
may be over relatively large distances (S) and is bound, in prac¬ 
tice, to have considerable influence on the habit of the resulting 
crystals. In practice, too, this would show itself in a tendency 
toward the equilibrium of all faces on the crystal, whose relative 
rates of growth were, say, of the same or nearly the same order 
of magnitude. 
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Spangenberg’s Criticism 

Valeton and Friedel have both taken k to depend solely upon 
the nature of the uppermost crystal lattice planes and to be 
independent of the concentration, so that, within certain limits 
and at a given temperature, each different form will have a 
characteristic value k. This assumption has been criticized by 
Spangenberg on the following grounds (15). If we consider 
faces belonging to the different forms, say (hikili) and (h^kM) 
growing in a solution with some supersaturation (Co — Co), the 
expression (5) may be modified thus: Using the conception of 
velocities of growth (Wulff), the quantity of material deposited 
in time dtj say dx, is related according to 


or 


dx _ VhkipS 
dt dt 

\ dx ^ VhkiP 

S dt dt 



Here p is the crystal density and Vhki the velocity of growth out¬ 
wards from the center of the crystal. Hence the Berthoud expres¬ 
sion becomes 

= R,{C 2 - Co) (10a) 

at 

for face (hikili) and 


^ 2 ^ 2 ^ 2 ^ 
dt 


= /?2(C2 - Co) 


(106) 


for face (/i 2 ^ 2 ? 2 )- Therefore the relative rates of growth, upon 
which the habit of the crystal depends, is given by 


V 


hikil 


h2k2ll 


R-> 


( 11 ) 


In this expression, the degree of supersaturation (C 2 - Cq) is 
eliminated. Suppose that the above process were considered with 
the supersaturation (C3 - Cq) instead of (C2 - Cq). Then, in 
identical fashion, ’ 



154 


and 


THE DIFFUSION THEORIES 


^hxkxhP 

di 


RiiCz - Co) 


'^h2k2hP 

dt 


R2(Cs ~ Co) 


from which the relative rates of growth of faces (hikih) and (hzkzh) 
should again be 

^^2^2/2 R2 

that is, they should be the same as at the supersaturation C 2 . 
In other words, the change in supersaturation should not affect 
the relative sizes of (/ii/cjZ,) and (/ 12 /C 2 / 2 ), two different types of 
face, though there is no fact less disputed in the domain of 
crystal growth than this: that a change in the degree of super¬ 
saturation brings about a change in the habit of the crystals. 
This has already been quoted in the discussion of the Curie 
theory, where it was mentioned that the habit of a crystal be¬ 
came more complex on slower growth than on more rapid growth. 
The above criticism, as will be seen, depends upon assuming D 
and 8 to be constant for different faces and D, S, and k for dif¬ 
ferent supersaturations. D may be constant; but it does not 
seem obvious why, if 8 has any real value, it should be identical 
on two different faces and for two different concentrations; k 
also might be expected to vary with the speed of deposition 
(i.e., with the supersaturation). It would appear, then, that 
Spangenberg's criticism is justified and that the diffusion equa¬ 
tion would stand a better chance of more completely describing 
events at a growing or dissolving crystal surface if changes due 
to variation of the effective supersaturation or undersaturation 
(Co — Co), etc., were made in the value of k in particular, mak¬ 
ing this some function of (C2 — Co). There seems no reason 
why two surfaces whose packing facilities bear a certain ratio 
to each other for a certain low speed of deposition should have 
the same ratio when the particles are raining down at a very 
much higher rate. 

From his experiments on the growth of standardized crystal 
grains seeded into solutions of known supersaturation, the fall 
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in which could be followed by changes in the electrical con¬ 
ductivity of the solution with time, Alarc was led to propose a 
second-order reaction for the crystallization process of many 
substances at low values of supersaturation [i.e., the right side 
of formula (5) would contain the term (Co — Co)“ instead of 
(C 2 —Co)]. As the supersaturation increased, the function 
would tend to be represented by some value between these two, 
continually approaching formula (5) as the supersaturation got 
liigher and higher. 

Substances specially mentioned as having a velocity of crys¬ 
tallization best represented as a bimolecular reaction are potas¬ 
sium sulphate, potash and ammonium alums, potassium dichro¬ 
mate, and silver acetate. The first of these is dealt with in 
greater detail by one of Marc's pui'>ils, Wenk (16). The amount 
of crystal deposited in a time dt being dx, the bimolecular reac¬ 
tion states that dx/dt = k{a — .a*I-, a being the original super¬ 
saturation of the solution and x the amount separated in time t 
[expressed in the terms used earlier in this chapter for the dif¬ 
fusion formulae, this would be dx/dt = /v(C 2 — Co)^]. As x 
changes, the value for the supersaturation would be progres¬ 
sively represented by a succession of values, C 2 ', C 2 ", etc. 

Integration of Marc's formula yields for k the value given by 
k = x/[ta{a — x) ]. 

Wenk describes precise details for calculating the total grow¬ 
ing surface and the change of this as crystal matter is deposited. 
One of many tables of figures is given in Table 11. Many other 

TABLE 11 

Growth of K2SO4 Crystals as a Bimolecular Reaction 



(Wenk, 16, 

p. 185) 


Time, 

K 2 SO 4 , wt. in 

Super- 

k X 10^ 

min 

100 cc H 2 O 

saturation 

(corrected) 

0 

9.16 

1.72 

« « « 

2 

8.20 

0.76 

205 

4 

8.02 

0.59 

199 

6 

7.94 

0.51 

172 

9 

7.86 

0.43 

152 

13 

7.79 

0.36 

138 

18 

7.66 

0.23 

188 

00 

7.44 

0 




156 


THE DIFFUSION THEORIES 

tables are included (e.g., with a variety of inorganic and or¬ 
ganic impurities). The former have but a minor influence on 
the \elocity of crystallization, though certain of the organic 
compounds have a very profound effect, also causing a marked 
change in the habit of the crystals. The latter feature is also 
supported by the work of Jenkins (17), who worked on non- 
aqueous solutions to see if there was any parallel between the 
changes in velocity of crystallization in these and those of 
earlier workers who always used water as the solvent. 

In the majority of substances crystallized [e.g., acetanilide 
from methyl, ethyl, and amyl alcohols, and from ethyl acetate 
and mixtures such as methyl alcohol with glycerin—also urea, 
ammonium nitrate, and naphthalene from the same solvents— 
he found a first-order reaction, so that his formula is practi¬ 
cally identical with that of equation (5) (earlier in this chap¬ 
ter)]. However, in one single case, and this, significantly, the 
only one in which there is a drastic habit change, the velocity is 
far better represented by the bimolecular constant. This is 
where naphthalene is deposited from methyl alcohol in the pres¬ 
ence of collodion. A comparison of the calculated constants for 
a monomolecular and bimolecular reaction is given in Table 12. 

TABLE 12 

Crystallization of Naphthalene in the Presence of Collodion— 

A Bimolecular Reaction 

(Jenkins, 17) 



Supersaturation, 

k X 10^ 

K X 10’ 

sec 

m/1000 cc 

(monomolecular) (bimolecular) 

0 

0.500 

• • • 

• » ^ 

6.0 

0.394 


# « # 

19.0 

0.289 

39.7 

11.8 

29.2 

0.237 

30.2 

11.5 

44.0 

0.184 

25.2 

12.1 

63.4 

0.131 

18.9 

12.2 

118.2 

0.079 

12.6 

12.4 

00 

0.000 




Jenkins^ crystallizations were carried out while the solution 
was being stirred at the very high rate of 1500 revolutions per 
minute, so resembling the pioneer work of Marc. The latter 
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found that, as stirring was increased, so that any quiescent dif¬ 
fusion layer around the crystal was rendered thinner, the veloc¬ 
ity of growth increased until, at a certain rate of stirring, it 
remained constant. Marc considered that, at this stage, the 
whole diffusion layer was torn off with the exception of a very 
thin layer, probably of molecular dimensions, which partook of 
the nature of an adsorbed layer, thus anticipating Volmer 
(Chapter 6). He considered that, far from there being instan¬ 
taneous equilibrium between this layer and the crystal, the proc¬ 
ess of removal of atoms into the uppermost atom layers of the 
latter was a comparatively lengthy process. On these grounds 
he disputed the value of the Noyes and Whitney and the Nernst 
expressions. [Berthoud, it will be remembered, introduced the 
constant k in equation (5) to overcome such ol)jections.] The 
term k was used for both growTh and dissolution, and so was 
implied a reciprocity between the two opposite processes which 
Marc denied having any general validity. For identical values 
of {€‘2 — Co) in growth and (Co — Ci>) in dissolution, Marc 
found that, as a rule, the dissolution process was much more 
rapid than growth, in a number of cases being about 16 times 
quicker. When dyes arc used as impurities, certain of these have 
a profound effect on the process of growth, considerably slowing 
the velocity and sometimes inhibiting it over comparatively long 
periods, yet having no special influence over the dissolution proc¬ 
ess. Leblanc and Schmandt (2) support Marc’s views in sum¬ 
marizing a number of experiments on a variety of inorganic 
salts growing or dissolving in aqueous solution. They find, how¬ 
ever, that for NaC10;j crystals the value of k appears to be the 
same in the two cases. In a later paper, Marc (18) also finds 
a few substances in which k appears to have the same value in 
the two directions. The main objection to the diffusion theory 
is, however, its vagueness when it is compared with the more 
recent theories which apply atomic models to the problem. 

It should be said, however, after these diffusion theories have 
been put before the reader, that they do not cover the whole 
field of behavior of a growing crystal any more effectively than 
does the earlier one of Curie, and all of them may perhaps be 
best regarded as different pieces of the same puzzle. The diffu¬ 
sion theory has been considerably extended in the hands of 
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Friedel (14), who has applied it to melts. In the latter case, 
there is no necessary movement of material at all, the crystal- 
lizable matter being already in situ and only requiring the loss 
of sufficient heat of solidification to acquire the crystalline state. 
Friedel applies formula (5) to the diffusion of heat, the tempera¬ 
ture gradient applying the “tempo” of the reaction. 

He also extends the ordinary theory of diffusion to cover many 
cases occurring in practice (e.g., convex and concave growth, 
involving convergent and divergent diffusion). The reader is 
recoinmended to this work of FriedeFs for a thorough under¬ 
standing of the ways in which the diffusion theory can be 
applied. 

The present moment, before entering the discussion of the 
most recent theories of growth, seems opportune for a review of 
other work dealing with the state of saturation at various parts 
of a system containing growing or dissolving crystals. 

It has been known for many years, and is found in older text¬ 
books (19, 20) that a deeply colored solution is paler in the 
vicinity of the growing crystal and that streaming due to changes 
in density of the solution near the crystal occurs. These tests 
are rather crude, however, and may only be possible to observe 
when growth is fairly rapid and the solution is passing from the 
labile to the metastable condition. The diffusion theory speaks 
of three states of concentration, Co, Ci, and Co, the latter being 
thermodynamical “saturation” and not usually representing the 
state of a solution surrounding a crystal except in equilibrium 
after the cessation of all growth (or dissolution). C 2 is the 
supersaturation (undersaturation) prevailing in the bulk of the 
crystal’s environment, and Ci that in immediate contact with the 
crystal surface so that there is exchange of atoms from the layer 
at Cl to the surfaces during growth, made up by diffusion from 
the regions of higher concentration C 2 . In the earlier diffusion 
theories, the contact concentration was assumed to be Co, simple 
saturation, but it is now generally accepted to have a value dur¬ 
ing growth greater than this, and some workers consider there 
is evidence for the existence of an adsorbed layer adjoining the 
outer layers of the crystal. The views of Marc in this direction 
have just been stated, with his objection to the earlier ideas of 
Noyes and Whitney and Nernst that the condition at the crystal 
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surface was just plain saturation. In the main diffusion theory, 
the concentration is given as Ci, intermediate between Co and 
Co, so that, in a sense, it resembles the plain saturation idea in 
that there is a stepping-down of the concentration gradient as 
against a stepping-up as the solid surface is approached, so con¬ 
trary to the views of Marc and later, of Volmer, Brandes, and 
others. (The latter will be dealt with more fully in Chaj)ter 6.) 
It is sufficient here to say that they try to place the conception 
of an adsorbed layer on a firm theoretical basis. What other 
evidence is there for a higher concentration close to the crystal 
surface? It is easy, owing to the circumstances of the case, to 
get into a muddle over this problem. The highest concentration, 
denoted heretofore as Co, is distinctly less dense with regard to 
the crystallizing particles than is the solid crystal itself. Conse¬ 
quently, as particles move from a region of density Co to one 
far in excess of Co, they must necessarily deplete a considerable 
depth, measured molecularly, of the Co region. In a perfectly 
quiet solution it is possible to visualize a slow diffusion inwards 
of “solid” particles and a corresponding diffusion outwards of 
the excess of solvent particles. ^^Tthout special assumptions, as 
long as the outward diffusion continues at a rate comparable 
with the inward diffusion, there will need to be scarcely any 
lowering of the supersaturation in the vicinity of the crystal sur¬ 
face. But, as a rule, there is a far greater speed of crystalliza¬ 
tion than envisaged here. There will as a consequence be a 
temporary lowering of the supersaturation near the crystal sur¬ 
face, and this will cause further crystallization to cease, were it 
not that the process rectifies itself by the simple expedient of the 
lighter solution rising and the heavier solution, which has not 
yet been depleted, taking its place around the crystal surface and 
so providing the motif for further crystallization. This is the 
normal process and is pretty common knowledge to all who have 
studied the problem. We have also seen how, with vigorous 
stirring, the layer near the crystal can be considerably reduced— 
Marc postulating an adsorbed layer approaching molecular di¬ 
mensions. Is it possible for there to be a layer of higher super¬ 
saturation close to the crystal face, even when there is only a 
slight excess of solvent in the near neighborhood following earlier 
deposition? In other words, would the degree of supersaturation 
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Solution 

Mo 


starting at C 2 attain, by dilution with solvent particles, some 
value lower than C 2 close to the crystal faces and then, as the 
immediate neighborhood is reached, rise again to a value pos¬ 
sibly greater than the original Co? In the latter case, how deep 
would such a layer be, measured from the uppermost layers of 
the lattice of the underlying crystal, and would it partake of the 
nature of an absorption layer? Some work of Miers (21) ap¬ 
pears to have a hearing on this. He had been investigating the 

refractive indices of solutions on 
either side of the saturation point by 
the minimum-deviation method, 
when a solution was enclosed in tri¬ 
angular prisms, and by the total-re¬ 
flection method, using an immersed 
glass plate of known refractive index. 
On trying out the latter method but 
using a crystal of the substance dis¬ 
solved, the surprising result was ob¬ 
tained that the solution always ap- 
I^eared to be slightly more supersat¬ 
urated at the crystal surface than in 
the bulk of the vessel. In Fig. 57, 
the crystal is seen surrounded with 
solution, usually slightly supersaturated. The refractive indices 
of solution and crystal are ^2 and /i, respectively. As the experi¬ 
ment proved, the value /X 2 was only correct so long as the solution 
was not too close to the crystal surfaces, but in the latter regions 
a higher value, ^ 1 , was derived. The trace of the totally reflect¬ 
ing beam is seen, a being the angle between the two adjacent 
crystal faces and 0 the angle of final emergence of the ray from 
the crystal. Miers points out that, in these particular circum¬ 
stances, fxi can be obtained from the expression 



Telescope 


Fig. 


57. Miers’ total-reflec¬ 
tion method. 


r M 2 sin e 

ill = y. cos cos- a 

L M 

In a good crystal, there are actually four positions which can be 
used in the calculation, two as in Fig. 57 and two with the acute 
angle of the crystal pointing downwards. Some of Miers' fig¬ 
ures are given in Table 13. These figures would seem to cor- 
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TABLE 13 


Supersaturation at the Crystal, Face 


(Miers, 21) 


Salt 


Percent Salt in 
Saturated Solution 
at 14°C 


Percent Salt in 
Layer Contacting 
Crystal at 14°C 


Potash alum 

NaClOa 

NaNOa 


8.5 

47.36 

47.65 


9.3 

47.73 

48.8 


roborate the speculations of Marc up to the point that there is 
some layer of greater density close to the crystal-surface, but 
the question as to the depth of such a layer may lead to dis¬ 
agreement between the two viewpoints. Miers' data were gath¬ 
ered from stirred solutions, but tiie stirring was not carried out 
as violently as those in Marc’s experiments or else it would have 
been difficult to take accurate readings of the refractive index 
at all. The depth of a layer which would leave an impression 
on a ray of light sufficient to cause a change in would have 
to be distinctly greater than what is usually understood by an 
“adsorbed” layer. At the same time, there may be a steeply 
rising gradient in the change in supersaturation such that the 
innermost layers would almost be in the dense condition of a 
true “adsorbed” layer. So far, no experiments have been car¬ 
ried out to find whether the quiescent layers from Vf>o to 
millimeter thick, found to remain around a crystal after fairly 
rapid stirring by Wagner (6) and Lebrun (7), have any greater 
degree of supersaturation than the remainder of the solution. 
In view of the theoretical importance of these results of Miers, 
it seems remarkable that after nearly fifty years they have not, 
to the writer’s knowledge, been corroborated or enlarged upon 
or refuted, or used in connection with the theoretical specula¬ 
tions of any subsequent workers. Another and more recent ex¬ 
perimental work intended to throw light on the problem of the 
concentration around a crystal is that of Berg (22). Berg had 
the idea of growing a thin crystal in a narrow layer of solution 
enclosed in a pair of half-silvered trued glass flats in the form 
of a wedge so that a beam of monochromatic light would form 
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a system of interference lines parallel to the edge of the wedge 
and passing through the solution and crystal. There is a dis¬ 
placement of fringes which is discontinuous as these cross the 
boundary air: solution, and later as they cross from the latter 
to the crystal. The refractive index also may vary from 
point to point along a line approaching the crystal if there is 
a concentration gradient in the solution, and this will appear 
in the picture as a curving of the fringes in the neighborhood of 
a crystal edge. [It would appear that strict priority for this 
method of attack is due to C. W. Bunn, who worked out the 
scheme following a suggestion of T. R. Scott, then at I. C. I. 
Northwich, Cheshire. In his work, only just published (23), 
Bunn corroborates most of Berg's findings, though he is less 
certain of the accuracy involved.] 

Berg chooses crystals about 1 millimeter across and milli¬ 
meter in thickness, the latter to avoid concentration streams, 
while the wedge would practically inhibit extension in a vertical 
direction. He mentions two methods of working out the concen¬ 
trations at different points in the solution from the spacing, 
slope, and curvature of the fringes. In the one, the optical path 
difference between a through ray and one reflected once at the 
upper and once at the lower mirror is 2yxod, where /xo is the re¬ 
fractive index of the supersaturated solution and d the thickness 
of the wedge. For a bright fringe, 2fiod — jVa, N being an in¬ 
teger and A the wavelength of light used. If fio changes to fii 
and there is a consequent displacement of n fringes, 

2fiid = (A^ n-)X 

Subtracting, we get mo — Mi = —n\/2d. The changes in refrac¬ 
tive index can be interpreted as changes in concentration in the 
few cases where these have been plotted, and Berg uses sodium 
chlorate for this reason, it having been recorded by Miers and Miss 
Isaac (24). To obtain the concentration at any point on a fringe, 
all that is necessary is to determine the displacement of the fringe 
from the point on the straight line formed when no crystal is 
present. When all possible points have been plotted, the con¬ 
centration gradient can then be mapped out. Another method 
does not make use of this distribution of points whose concen¬ 
trations have been determined. In Fig. 58, a measurement of 
the angle between the tangent to an undeviated fringe and 
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the (say) axis of the crystal (an edge in 
NaClOs) and of the distance of the fringe 
from its neighbors in the y axis direction 
is required. The former is a. and the lat¬ 
ter is 6 . If 7 /^ is the Y component of the 
^th fringe, a, a constant, and 7 , the tan¬ 
gent of a, then the concentration variation 
along j", dC/dX, is given by 

dC 7 1 (dy\ h 

dX ct a\dx/x=Q {ys ” yN—\)x=o 



y 


, , ,11.. • • Fig. 58. Bending of 

Berg s comment on the latter expression IS 

tliat it is not suitable for qualitative re- crystal surface. (After 
suits because the experimental data are in- Berg.) 

sufficiently reliable, as a glance at the de¬ 
viations of the fringes in the original paper will amply testify. 
However, he works out a set of values of concentration at dif¬ 
ferent positions and distances from the crystal, and these fall on 
a set of concentric curves (Fig. 59) of equal fringe displacement 



Fig. 59. Lines of equal fringe displacement around NaClOa. (Berg.) 
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(i.e., of equal concentration). These curves appear more sym¬ 
metrical as the crystal domain is left behind and the first com¬ 
plete ring to clear the crystal corners is not far from circular. 
The concentric rings have a bigger interval between each other 
on one side than on the other, implying some lack of symmetry 
in the supply of material, though what this is due to is uncertain 
as, if the cause were the freer evaporation on the open side of 
the wedge compared with the closed side, it ought to follow the 
vertical direction whereas it follows the line of the arrow. (The 
latter is not far from the normal to a pair of cube faces.) Berg 
then investigates what he calls the flow lines of the molecules 
arriving by diffusion. A two-dimensional equation holds gen¬ 
erally: 

dc 

— = ~DV\ 

at 

but for “stationary” conditions, implied by the cessation of 
obvious movements of the fringes, this reduces to V^c = 0. The 
flow of molecules is given by j = —Z) grade. Z>, the diffusion 
coefficient for NaClOa, has not yet been determined but may be 
found from a set of concentration diagrams because, according to 
V^c = 0, the lines of flow and lines of equal concentration are 
perpendicular to each other, and the spacing of the former propor¬ 
tional to those of the latter. The lines in Berg^s example were 
estimated graphically. The current of molecules flowing to the 
surface is proportional to the component of the concentration 
gradient normal to the crystal face, which is in turn inversely 
proportional to the spacing of the lines of constant concentration. 

It will be seen from Berg’s work that much will depend upon the 
accuracy with which the terms of his various equations can be 
estimated and that serious discrepancies may easily arise from 
inability to do this. To sum up Berg’s findings: the concentration 
gradient is greatest near the center of a face. This is taken to 
imply a lower concentration at the center than at the corners. 
Yet the inflow of molecules is greatest at the center, but, far from 
piling up there, they must migrate to the corners and not only 
make up for the deficiency in molecules which arrive there but 
actually increase until they are more crowded than at the center. 
This is a most unusual situation to contemplate, and it is small 
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wonder that Berg postulates some ^‘unknown mechanism in the 
crystallization process to account for it.” Some kind of adsorption 
layer is necessaiy, though not necessarily a monomolecular one, 
but the anomalous behavior still remains to be explained. A 
similar result could be derived from quite simple reasoning, though 
without hint of any unknown mechanism, if we assume a circular 
flat drop of solution, evaporating from the sides with lines (or 
tubes) of diffusion pointing radially inward toward a small crystal 
in the center (Fig. 60). An element of 
surface represented by the edge AB will 
be covered by a tube of cross section 
BE where BE = AB sin 45°. In the 
center, a similar element AB will be 
covered by AB sin 90° (i.e., by a unit 
tube). In a two-dimensional arrange¬ 
ment, the inflow, if the gradient as seems 
feasible were the same, would be as 
l/\/2:l. In three dimensions, BE and 
AB would represent cross sections of 
the area of the tubes, and the ratio 
would become (l/\/2)^:l or H:!. In 
practice, a shallow layer would be some¬ 
where in between, and the proportion 
arriving at the corners would be be¬ 
tween 0.5 and 0.7 of the amount arriving 

at the center. As the center does not grow more rapidly than the 
corners (sometimes the reverse is the case), some migration is 
obviously possible. This simple statement of the case does not 
take into account the closer proximity of the corners to the on¬ 
coming molecules than the face centers. If there is a real excess 
concentration at the corners, no simple adsorption-layer theory can 
account for the effect, and we are left with a big puzzle. Ac¬ 
cumulation of water molecules would lead to dilution and com¬ 
parative loss of concentration, but why should the water molecules 
released by the crystallization tend to accumulate at the face 
centers? This would mean an ignotum per ignoiius. Wells (25) 
has questioned the possibility of deriving useful information by 
Berg’s method. We quote his words: 

A very small alteration in the concentration-gradients around a crys¬ 
tal growing in stagnant supersaturated solution is sufficient to alter the 
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Fig. 60. Geometrical en¬ 
vironment of crj^stal grow¬ 
ing in a drop of solution. 



166 


THE DIFFUSION THEORIES 


mode of growth of a crystal in a radical way. A more fundamental 
objection to this type of experiment is perhaps the fact that the ob¬ 
served concentration gradients are the result of the crystal growing in 
the way it does (i.e. at different rates in different directions) so that it 
is difficult to see exactly what information can be obtained from the 
experiment. 

We shall leave Berg^s dilemma for further experimental evidence 
to accumulate. 

Applications of the various views held with regard to the con¬ 
centrations obtaining at various points in the crystallization 
field will be held over to be included in Chapter 12, featuring 
abnormal grpwth. But it does seem at least a strong possibility 
that there is some accumulation of molecules close to the crvstal 
surface even when an intermediate layer might have a some¬ 
what lesser concentration due to abstraction of the “solvent” 
molecules during crystallization. The work of Miers would 
indicate that this value was probably greater even than the C 2 
of the diffusion expression (5). 

The cause for the presence of such a layer must needs be 
sought in the attraction of the crystal surfaces, as no such in¬ 
crease is found when a piece of glass is surrounded by a solu¬ 
tion (an adsorption layer on the glass, say one molecule thick, 
could not be detected by Miers’ method). For an appreciable 
effect on the refractive index, the layer of increased concentra¬ 
tion would need to be some hundreds of Angstrom units thick, 
and molecular physics does not at present contemplate such 
long-distance forces. 

Such forces could also be at the root of a further observation 
of Miers, and confirmed by Jenkins (17), that, on seeding a solu¬ 
tion, seeds not only develop as placed in the solution, but also 
a large number of other seeds appear almost simultaneously. 
The existence of numerous seedlets on the surfaces of the bigger 
seeds might be suggested as a cause, but in both cases the au¬ 
thors spoke of carefully washing the crystals as a preliminary 
precaution to avoid such a contingency. Jenkins also mentions 
that, in the crystallization of urea from solution in methyl alco¬ 
hol, the values of K for a first-order reaction are sensibly con¬ 
stant up to values of supersaturation of 1% but that above this 
value they become erratic. He attributes this to the same cause 



REFERENCES 


167 


(viz., the production), at the greater concentration, of a rela¬ 
tively large number of seeds, induced by the other seeds and 
far in excess of the latter. If such a process were accepted as a 
possibility, in spite of the theoretical difficulties involved, it 
might help to reconcile some otherwise barely acceptable views 
of Federov (26) as related by Anscheles (27). The original 
views of Federov were unobtainable but are put concisely by 
the later worker. The probability is suggested that, at higher 
concentrations especially, growth proceeds not only by molecular 
deposition but also by the adhesion to the growing surface of 
comparatively large portions of new crystal, formed in the vicin¬ 
ity of the crystal and adhering to the latter on touching it. The 
consequences of such a possibility are referred to in a later 
chapter on abnormal growth, but at this point it is the posfii- 
bility itself which concerns us, and, should it ever be substan¬ 
tiated, it will constitute another strong argument in favor of a 
crystal being able to influence suitably conditioned matter at 
a greater distance than is usually accepted at the present time. 
So little is yet known of the actualities of the growing surface 
and its surroundings that it would be unwise to go further than 
this statement of views. 
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Adsorption-Layer Theories 

We have already become familiar with the possibility of the 
existence of a layer of increased concentration surrounding the 
outermost lattice planes of the crystal, but, although Marc 
specifically called it an adsorbed layer, he did not actually esti¬ 
mate its thickness, but suggested that this should not be more 
than a few molecules deep. His own experimental work only 
led indirectly to this conclusion, and the same difficulty lies in 
the way of the layer necessitated by the diffusion theories 
[Spangenberg (1)] and the experimental work of Miers, which 
points to an increased concentration at the surface without yield¬ 
ing anything definite regarding the depth of the layer. A similar 
stricture applies to the work of Berg, which appears to indicate 
a surface migration of molecules or atoms. This chapter de¬ 
scribes the views of workers who were led by their experiments 
to postulate a true adsorption layer in the physical-chemistry 
sense, though their results cannot be said to support this view 
exclusively. 

The Volmer Adsorption-Layer Theory 

The first of the growth theories introducing the idea of ad¬ 
sorption is that due to Volmer (2) and his co-workers. The 
eailiest impression of growth taking place by some mechanism 
involving the intervention of an adsorbed layer seems to have 
occurred to Volmer when studying the growth of mercury crys¬ 
tals from the vapor state at low temperatures. But the actual 
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examples he quotes of crystals growing, layer by layer, with 
accompanying changes in color, can only be regarded as supply¬ 
ing the idea of such growth; the said examples are on too gross 
a scale to be regarded as in any way proving the contention. 
For the layers seen by interference or with the microscope must 
at the very least be some hundreds of atom layers in thickness. 
It is quite possible that growth does occur in a layer-like fashion 
with certain crystals, but such layers, as they attached them¬ 
selves, would certainly not be discernible by any optical tests. 
Furthermore crystals of the type instanced by Volmer do not 
necessarily show, by the distribution of the colors of Newton’s 
scale, that the growth occurs in jumps which are constant mul¬ 
tiples of the atomic layers, an idea also approved by D. Balarev 
(300-millimicron steps for Pblul and by Straumanis (800-milli- 
micron steps for Cd metal). The writer has noted with thin 
crystals of naphthalene growing by sublimation on the inner 
walls of a glass tube, plates whose colors were drawn from every 
portion of Newton’s scale. Many had one tint over the whole 
surface, and this would, on thickening, change almost imper¬ 
ceptibly through the various orders. This observation does not 
rule out an adsorption-layer interpretation but is contrary to an 
increase, spi'ungweise, of the crystal's thickness by large regular 
multiples of an atom layer. We have also the evidence supplied 
by the migration of atoms along surfaces which can be detected 
under certain conditions. Volmer (3) mentions how benzophe- 
none at 30°C migrates over a clean mica surface to the extent 
of 3 to 4 X 10“® grams per hour over a square centimeter of 
area, the figure for 20°C being the reduced one of 2 X 10”® 
grams. He further quotes Becker (4) for the example of barium 
and other metals coated onto a tungsten filament so as to cover 
half the cylinder. The emission is, of course, considerably in¬ 
creased in the process, and it is found that over 900°C the fila¬ 
ment gradually attains a uniformly enhanced brightness due to 
migration of Ba, etc., to the uncoated portion. An approximate 
computation shows that, with a gradient of only 1 dyne per 
centimeter, the monomolecular film can penetrate against a pres¬ 
sure of about 30 atmospheres. Bearing these points in mind, 
we may now proceed to examine Volmer’s ideas on crystal 
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growth. According to him, a crystallizing particle only loses a 
portion of its latent heat on arriving at the crystal surface. 
Through this loss, it is effectively bound to the surface but has 
considerable freedom of movement laterally (i.e., parallel to the 
surface, over which it can slide about like a two-dimensional 
gas). All other particles in the neighborhood are in a condition 
similar to this. Considered together, they constitute an ad¬ 
sorbed layer which interposes itself between solution and crystal 
surface. Like ]\larc, Volmer takes the adsorbed layer to be 
capable of attaining equilibrium with the solution practically in 
an instant (i.e., any adjustments between the layer and the un¬ 
derlying lattice planes, involving the transfer of particles from 
layer to crystal, will be instantaneously made up from the solu¬ 
tion). With the adsorption layer in being, frequent collisions 
may be expected between constituent particles, and, from some 
one or another inelastic collision, the germ of a two-dimensional 
crystal, which will attach itself to the lattice plane below, will 
be formed. Volmer regards the velocity of spread of the crystal¬ 
lized portion of a layer as approximately proportional to the 
square of the density of particles in it. To begin with, the mean 
adsorption potential is placed proportional to the specific sur¬ 
face energy and the potential inside the adsorption layer taken 
as constant and equal to Ai, Ao, etc. Then, for the mean densi¬ 
ties of layers close to two differing lattice planes, we have, ac¬ 
cording to the Boltzmann expression, 





Cl and C 2 being layer densities on two different lattice planes. 
Next, taking the velocity of growth as proportional to C", where 
n is at least unity, the relationship between growth velocities is 
given by 



ae 


n(.Ai-A2)/RT 


a being a so-called “steric” factor. It is here assumed that the 
smoothing out of the uneven distribution of density of packing 
in the layer is a very rapid process as compared with lattice growth. 
This expression Volmer shows to be in agreement with the Curie 
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theory in that faces with small specific energies most frequently 
persist on the final form of the crystal. To estimate the relation¬ 
ship of the growth velocities Vi/v 2 » Volmer assumes the heats of 
adsorption, at the different surfaces, Ai^ A 2 , etc., to be equal to 
one-half the heat of vaporization, X. For he uses the ratio 

of specific surface energies, found by Born and Stem for a (100) 
or (110) face of a crystal of the rock-salt type (viz., <^ 1/^2 = 2.7), 
and this ratio is assumed by Volmer to apply approximately to 
other crystals. Then Vx/v2 ~ -(1/2.7)1/2/27’ ^ ^^nx/3/?r wrjth 

decreasing temperature, the ratio Vi/v 2 rises rapidly. As a rule 
V 1 /V 2 > €^, if it is assumed that the growth is taking place well 
outside equilibrium conditions. Volmer calculates for the basal 
plane and prism faces of crystalline mercury, formed at — 50°C 
from the supersaturated vapor, that, if n = 1 and a = 1, V 1 /V 2 
will have a value near being about 

7 X 10'*. In this way he explains the observed fact that these 
crystals are extremely thin and tabular on {0001}, a fact, he says, 
not readily explained by other theories. In working out the 
ratios of the solution velocities, he uses an expression for the ease 
with which matter can leave the lattice and join the adsorption 
layer (this being the converse process to growth, the subsequent 
loss to the solution from the adsorption plane being, presumably, 
an instantaneous affair as with the growing crystal). This facility 
is taken to be proportional to where Q is equal to X — Ai, 

X — A 2 , etc. Hence Vi/v 2 ^U\-A 2 )/rt^ from this latter it 
would seem as though the ratio of two dissolution rates depended 
upon precisely the same factor as the ratio of the growth rates of 
the corresponding faces. This would hardly appear to square 
with the bulk of evidence which points rather against there being 
any strict reciprocity in the growth and dissolution relationships, 
except in a few cases. Other theories have this same feature, 
however. 

Brandes' Modification of the Adsorption-Layer Theory 

Brandes (5) works on lines similar to Volmer’s. For instance, 
the material is supplied from the solution to the layer so rapidly 
that there is no impoverishment in the latter when atoms therefrom 
join the crystal lattice below. He assumes with Gibbs, Volmer, 
and others that growth is discontinuous (plane by plane). Brandes 
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considers the free energy A of the surface to have very little in¬ 
fluence on crystal growth but looks at the problem from the point of 
view of W, the work of formation of a two-dimensional seedling 
of sufficient extension to survive. The frequency of formation of 
such seedlings is and the relationship of the growth veloci¬ 

ties of two different forms I and II is 


1^1 


The growth of the seedling to form the complete lattice plane is 
a very rapid process compared with the first formation of a seed. 
He also calculates the work of formation of a seed crystal for any 
given degree of supersaturation. 

According to Brandes, the habit of a crystal, depending as it 
does upon the relative velocities of growth of the different form 
types, will be influenced mainly by the facility with which the two- 
dimensional crystallites can appear in the adsorbed outer layer. 
In calculating the work of formation (i.e., the W of the above 
expression) as it is related to supersaturation, he uses an analogy 
with the formation of spherical drops of liquid from an over¬ 
saturated vapor. The transfer of a quantity dn of material from 
an infinitely large mass of substance to a disk of periphery u and 
surface iu^ may be considered from two angles. 


I. The amount dn of material is vaporized under a pressure 
and compressed on to the disk under a pressure po, the work done 
being 


That is, 


Po 

A = —dn RT + dn RT In- dn RT 

Poo 

Po 

A ^ dnRTln — 

Poo 


II. The required mass is abstracted from the large bulk and 
brought under the influence of the “edge” tension p in the disk, 
when the extension work, A ~ p duy will be performed, du being 
obtained from d(zu^) = F dn^ where F is the area occupied by a 
gram molecule with the given surface packing, say, the gram- 
molecule surface extent {molar-Flachenhedarf). Whence 
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du = — dn and 
2iu 


pF 

A = — dn 
2iu 


Equating both values for A, 


Vo 

RT\n — ~ 

Poo 2fu 


When the disk is circular, u = 27 rr and i = so that 

Po pF 
RT\n~ = — 


P 


( 1 ) 


00 


Compare this with the expression for a spherical drop: 


RT\n 




2<jV 



Brandes applies equation (1) to calculate the work needed with any 
given degree of supersaturation to produce a stable seedling. The 
total edge energy of the completed seed is up. So, by forming 
from the mass of liquid the appropriate amount of vapor and com¬ 
pressing under a pressure p, there is work done amounting to 
— {iu^/F)RT + {iii^/F)RT In (p/poo)» and, on condensing onto the 
disk, work amounting to W + {iu‘^/F)RT. Altogether an amount 
of energy up is expended, where 

iu^ p 

up = W + RT — In — 

F Poo 


By substituting RT\n(p/p^) from equation (1), this becomes 
up = {iu^lF)(pF/2iu)j or W = Thus a giving up of half 

the calculated “edge” energy will bring about the “fluctuation” 
condition (i.e., wherein a layer becomes attached to the crystal 
surface). Also W can be substituted in the expression vu/vj = 
^-cnz-TT,)/*? g^j^ove. For the “edge” tension, Brandes takes 

p = — U/2l^ where U is the work of resistance to the splitting of a 
lattice plane along a given line and I is the length of such line. 
As a practical example, he considers the (100) surface of rock salt. 
For this, he evaluates p (5, pp. 204-205) at 11.68 X 10® dynes. 
Similarly, from (1) and using a square of side a, so that RT In 
ip/p<x>) = 2pFla, he calculates F(ioo) to be 0.95 X 10® square 
centimeters; a is 0.98 X 10“^ centimeters, and W(ioo) at 273®A 
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is 2.3 X 10“® ergs. For the (110) face, the corresponding values 
are F = 1.35 X 10® square centimeters, a = 3.42 X 10“*" centi¬ 
meters, and ir = 16 X 10“^^ ergs. 

Thus (110) will grow with much greater frequency of plane 
repetition on the Brandes model and will tend to annihilate it¬ 
self. According to Brandes, however, the (111) plane can only 
be formed by putting energy into the system and so ought never 
to be possible on a rock-salt pattern of crystal. 

These calculations of Brandes are not too fortunatelv chosen 
since the observations on the rates of growth of rock salt in 
solutions of various supersaturations and with different kinds of 
starting shapes—from cubes to spheres—are very numerous and 
all point to the order of importance of the faces being (100) > 
(111) > (210) > (110). The energy released on the formation 
of the crystals should descend in the same sequence. There is 
no explanation for the intrusion of (111) and {210} between the 
fundamental {100} and the evanescent {110}, and there always 
appears to be some difficulty when the theory is applied to 
heteropolar crystals. 

Several more recent papers by Volmer and Brandes (jointly) 
and by Volmer and other collaborators have appeared since these 
earlier expositions of their adsorption-layer theory, but they are 
mostly concerned with the differences between their ideas and 
those of Kossel and of Stranski, but these must be left until the 
latter have also been described. In one of these papers (6), 
Volmer applies his views to electrolysis and the accompanying 
separation of the metal onto the crystal surface from a condi¬ 
tion which, except for extremely minute orders of current den¬ 
sity, must be one of very great supersaturation. Volmer con¬ 
siders that the crystallization is not that of ions which lose their 
charges as they enter the lattice, but of atoms which are already 
in close proximity to the metal surface (i.e., the process goes 
via the adsorbed layer). Most of Volmer*s earlier work was 
connected with supersaturated vapors, and he has evolved, with 
Weber (7), an expression for the birth of seeds (actually drop¬ 
lets) in supersaturated vapors, starting from an expression 
almost identical with Freundlich’s (see References, Chapter 1). 
This is developed into a rather complicated expression by Farkas 
(8), the modification being accepted subsequently by Volmer 
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(9). These aiiicles might be considered to belong more properly 
to the part of Chapter 1 dealing with supersaturation but have 
not been included there as they do not appear to be as readily 
applicable as those dealt with in that chapter. They have been 
developed around the “droplet” in a supersaturated vapor, and 
the connection with the crystal, especially when separating from 
a solution, has not been made very obvious, though in at least 
one case solutions have been used (7). In this work, Volmer 
and Weber devote some space to a study of the relief of super¬ 
saturation by foreign crystalline bodies, but as this comes within 
the province of parallel-growth formation it will be better dealt 
with when this aspect is considered (Chapter 11). Readers de¬ 
siring further information on Volmer’s work are invited to con¬ 
sult the original papers (7-9). 

Theories of Crystal Growth Making Use of the Fine Structure of 
the Surfaces 

With the development of crystal-structure theories, there have 
been parallel efforts to associate the known characteristics of 
crystal growth with the prevailing crystal-structure ideas. These 
earlier efforts were, naturally, only as accurate as the struc¬ 
tural ideas were approximate to the truth. 

Bravais was the main pioneer in this direction, and he con¬ 
nected up the observed habit of crystals with the particle den¬ 
sity of the planes concerned—not too successfully, it has to be 
admitted. Early in the present century, Pope and Barlow (10, 
11) made further advances in this direction. They suggested 
the view, since found generally true, that atoms in a crystal 
occupy a constant volume, that the same elements have the same 
volume in whatever crystals they appear (where their states are 
comparable), and that, among several possibilities, a structure 
will be that which allows the closest packing of constituent 
atoms. These postulates have been found by X-ray analytical 
methods to be tenable to a fair degree of approximation, though 
some variation in atom dimensions in different structures may 
have to be allowed for and crystals obey the last quoted rule 
much less frequently than the other two. Another idea of Pope 
and Barlow, that the volume of an element is proportional to 
its fundamental valence, has since been found to be inadmis- 
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sible. The searchings of Pope and Barlow came actually on 
the threshold of the discoveries which were soon to revolution¬ 
ize our knowledge of the innermost structure of crystals, for 

^ 7 

within a very short time X-rays were being radiated onto crys¬ 
tal surfaces and the resulting diffraction patterns used to find 
the exact locations and distances apart of the different atoms in 
all the simpler crystal types. Subsequent to this radical change 
in method was an improvement in the approach to crystal- 
growth phenomena. Workers today have been able to use the 
researches of Born (12), IMadelung (13), and others, which 
would not have been possible without the modern structural 
data—researches, for instance, on the lattice constants, such as 
attractive and repulsive forces between ions of positive and 
negative character and between atoms of like character (homo- 
polar linkages). These have been evaluated wdth sufficient ac¬ 
curacy to be used as starting points in the calculation of the 
force fields surrounding crystal surfaces (as, say, when a single 
crystallizing particle approaches a surface) and thus to infer 
the probability of deposition. Kossel and Stranski have both 
w'orked along these lines, and even in the case of some other 
recent speculations on the subject of crystal growffh, w'here the 
structure itself has not been explicitly used, it is difficult to be¬ 
lieve that some knowledge of the actual structures was not at 
the back of the authors’ minds when they w^ere evolving their 
theories. Although there cannot be any doubt that a knowledge 
of the inner structure of the crystal being studied is definitely 
inspiring to clearer vision, there are pitfalls. The most impor¬ 
tant of these is our vague knowdedge of the actual surface 
arrangement. The distances between atoms as found by X-ray 
methods are those applying to layers wffiich are at least several 
atom thicknesses deep in the crystal, and it is also known that 
there is some strain betw'een adjacent atoms in the outer surfaces 
and some variation in the distance betw'een successive planes 
parallel to the surface as the latter is actually approached. Ac¬ 
curate knowledge of spacings applies therefore only to the in¬ 
terior, and our know'ledge of the surface atoms themselves—and 
these are the all-important ones to be considered in crystal 
grow'th-—IS in some measure circumstantial. Both Kossel and 
Stranski have to make certain assumptions regarding the atomr 
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in the surface layer; in addition, calculations have been made 
(14) on the contraction a single (100) plane of rock salt would 
suffer if removed to infinity, remote from the pull of other ( 100 ) 
planes of the crystal. Such calculations need care in their ap¬ 
plication to current problems of crystal growth. For instance, 
it is certain that the contraction such a plane would suffer under 
the conditions prescribed would not be the same as that of a 
similar plane with a solid mass of crystal behind it and tending 
to hold it true—in the latter case, which is the practical one 
(being that of the upper surface of a crystal on which further 
growth is bound to take place), there might be nothing showing 
in actual surface contraction, but merely an increase in the ac¬ 
tivity of these atoms (i.e., a kind of strain waiting to be re¬ 
lieved). Another difficulty arises because, so far, the problems 
in the calculation of crystal-surface force fields are so great that 
simplifying assumptions have to be made to render them capable 
of any solution at all. Such, for example, is that of assuming 
the ions to be spherically symmetrical (an assumption probably 
near the truth for rock-salt ions). But to what extent can the 
consequences derived from these simplified cases be applied to 
more complex crystals, with RO 4 ions, of perhaps not even regu¬ 
lar tetrahedral shape? Sufficient has been shown, at the present 
stage, to demonstrate that, though these theories may be the 
best available up to the present time, they should not be given 
the mantle of infallibility but should be judged entirely on the 
help they give in their application to other fields of research. 

The Bravais or Reticular-Density Theory 

Bravais (15) first advanced the view that the velocities of 
growth of the different faces of a crystal would depend upon 
the densities of atoms (here lattice points) in the various planes 
(the reticular densities). He demonstrated how the planes of 
maximum density would be those w'hich, during growth, ought 
to move forward (normally to themselves) at the slowest rate, 
and consequently should extend tangentially, to the exclusion of 
the more rapidly depositing planes. Bravais' views were hitched 
onto the theory of the space lattice which he had, following 
Frankenheim, worked out to completion. They did not apply 
to any given crystal but were just considered to hold generally. 
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For at that time there was no method, apart from considerations 
of morphology, of attributing to any crystal a particular struc¬ 
ture. In fact, on the Bravais theory, the simple holohedral space 
lattice was the only arrangement considered in a crystal, and a 
polar axis, for instance, which the lattice could not possess, was, 
when present, held to be due to the symmetry of the points 
themselves in the holohedral lattice. There was no means, even, 
of distinguishing between, say, the centered and the simple lat¬ 
tices. Still there was already much evidence to indicate that 
the Bravais theory was bristling with difficulties. It is well 
known that isomorphous crystals do not often possess identical 
crystal habits. Potassium sulphate develops a habit in which 
{021} is predominant, (Oil) very small, and {010} usually ab¬ 
sent; potassium chromate, however, has { 011 } predominant and 
{ 021 } absent, while ammonium sulphate has { 010 } predominant. 

Here are three examples of crystals whose characters are very 
closely related, and between which a large range of solid solu¬ 
tions are possible (almost continuous in the case of K 2 Cr 04 and 
K 2 SO 4 ). They ought, on Bravais’ theory, to have identical 
habits. There are many other examples of this nature. 

All that can be said in favor of the theory is that the reticular 
densities of the different planes supply one factor of importance 
toward the final shape of the crystals, for, obviously, all planes 
which finally enclose the crystal must be compatible with the 
symmetry and cell dimensions of the same crystal. 

Some years after Bravais had introduced his theory, Curie 
set forth his surface-energy theory and Soehncke (16) coupled 
up the two theories by postulating that the faces which possess 
the greatest reticular densities are also those with minimum sur¬ 
face energies, and that the latter are inversely proportional to 
the former. This view of Soehncke was taken up by G. Wulff, 
in 1901; he connected the capillary constants, and therefore the 
reticular densities, of the different faces to the lengths of the 
face normals from a point at the center of the crystal. 

If the rates of deposition are kept at a constant value, these 

normals may be taken as proportional to the accretions to the 

different crystal faces. These may be measured when a crystal 

of known size is immersed afresh in a slightly supersaturated 
solution (Fig. 45). 
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Niggli’s Extension of the Bravais Theory 

In a work published in 1920, Niggli (17) draws a picture of 
crystal growth which is a logical development of the Bravais view 
(viz., that the velocities of growth of the various faces are inversely 
proportional to their reticular densities). Planes of high reticular 
density (i.e., with closely packed formation) will extend outward 
at the slowest rates and will persist when faster-growing planes 
have suffered self-elimination. The density of planes in a lattice 
is, again, related to the wideness of separation (i.e., to the “spac¬ 
ing,” 8(hki))‘ 

X O X o X 


Fig. 61. Depth of unsaturation at crystal surface. (Niggli.) 


X O X o 
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A narrow spacing (i.e., a low value for 8(hkt)) implies that, over 
a given distance in a direction normal to (hkl)^ there will be many 
more planes upon which the atoms are strung, so that there will 
be fewer atoms per plane. In other words, the larger spacings of 
8(hki) will correspond with slower rates of normal extension. 


Niggli modifies this attitude as follows; instead of 8(hki)y which is 

proportional to he substitutes A(hki)t the thick¬ 

ness of the disturbed layer at the surface of a growing crystal. 
All atoms which have only partially satisfied valences occur in 


the layer whose thickness is A(hki). The value A(hki) is always a 
multiple of 8(hki)- If we take, for instance, a (610) plane (Fig. 61) 
a single lattice-unit cell is insufficient to show us the whole plane; 


we must take at least six of the elementary units before we get a 
single surface unit, so to speak, of pattern of a (610) face. This 
unit pattern is repeated over all the crystal surface, and so we have 
presented to us a series of steps, the individual atoms of which 
are all to a more or less extent, unsaturated. The expression 
A(hki) is a measure of the depth of one of these steps. Niggli then 
postulates that the velocity of growth of the different faces is 
proportional to the A^hki) values. The deeper the step (with an 
upper limit —> 1), the more rapid the growth will be. He shows 
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how the values of A(hki) niay be calculated and arrives, usinf< the 
simpler case of a cubic crystal with positive indices (i.e., for a face 
in the upper, right-hand, front octant of a crystal) when h > k > I, 
at the equation 

^(hkl) = {k — (1) 

The greatest values for A^^ki) are related, thus, to the simultaneous 
presence of a high h value and low k and I values. (In another 
part of the crystal with, say, k > h > /, the above relationship 
and its consequences can readily be adapted. In this event, 
A(hki) = (A: — l)^ihki)y and then a high value of A', with low values 
of h and Z, will give the maximum A(hki) values). On the older 
Bravais theory, since 5(ioo) > 5 (gio) > 5(650), we should have, for 
velocities T, the following sequence: F( 650 ) > > V{ioo)- 

Actually the correct sequence experimentally obtained is F( 6 io) > 
F(65 o) > F(ioo)» and this is seen to be in accord with Niggli’s 
conception since A( 6 io) > A( 650 ) A(ioo); (A(ioo) = 0). In equa¬ 
tion (1), the multiplicand, which brings Sf^nki) up to the A(^hki) value, 
is the same for planes whose biggest index is equal. Thus A( 332 ) = 
2 X 5(332) and A( 3 ii) = 2 X 5 ( 3 n). In the case where the biggest 
index is unity [e.g., (100), (110), and (111)], we see that A(hki) = 
(1 — l)5(^hki) = 0. The significance of this is that there is no 
depth to the layer of unsaturation. All the unsaturated atoms lie 
in the surface. For other implications of Niggli’s theory, reference 
should be made to the original work. Many values are worked 
out for rock-salt, gold, and zincblende structures. The theory is 
certainly an advance on the earlier efforts of a similar type, but 
much remained, and even still remains, to be explained and on 
these grounds; further speculations were taken up by a number of 
workers subsequent to Niggli’s publication. These will be dis¬ 
cussed in the next few pages. Valeton (18), in a short com¬ 
munication, also advanced a view which correlated the speed of 
growth of certain faces with their surface structures. 

Valeton contrasted the pull, which a face peopled by like ions, 
such as the (111) plane of a rock-salt structure, would possess,' 
with that of a face such as (110) or (100), in which the positive 
and negative ions neutralized each other. It was not, however, 
an attempt at a general theory based upon structure, but it is 
interesting, historically, as pointing the way to certain of the 
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more recent and fuller attempts to explain crystal growth in 
terms of the elements of the surface structure. 

KosseFs Theory of the “Equivalent or Repeatable Step” 

The theories of Kossel and of Stranski, though reasoned out 
from different premises, have so much in common that they are 
often quoted together. But, though the similarities apply to 
many of their conclusions, there are enough differences in treat¬ 
ment to merit separate consideration, especially as the two 
authors differ in one important detail (viz., that Stranski con¬ 
siders a rapprochement between his theory and the Volmer- 
Brandes “adsorption-layer” theory a possibility, while Kossel 
does not regard this as feasible). 

Kossel (19) was the first to elucidate a view of crystal growth 
which emphasized the atomistic rather than the thermodynami¬ 
cal side of the surface relationships, and his methods are such 
as not to present too great difficulties to the non-mathematical 
reader. For fuller information, the enquirer is referred to an 
excellent summary of KosseFs theory in Falkenhagen’s Quanten- 
theorie rind Chemie (20). We may connect up KosseFs theory 
(and Stranski’s too) with the earlier diffusion theories as fol¬ 
lows: The diffusion theories took particular notice of the condi¬ 
tions involved in the transport of crystal material through the 
narrow quiescent layer close to the crystal surface. Although 
stressing diffusion as the all-important condition governing 
growth (as, perhaps, it may be at times), they were aware that 
the facility with which a surface took in particles and arranged 
them in crystalline order was not a negligible consideration and 
this was allowed for by the insertion of a factor k. The diffi¬ 
culties of this mode of treatment have already been commented 
upon in the appropriate section. But what interests us at this 
point is that both Kossel and Stranski have worked out a mech¬ 
anism whereby the k of the earlier diffusion theories is given 
precise significance. 

Basic Assumptions of Kossel 

In order to facilitate treatment, Kossel stipulates the follow¬ 
ing conditions: 
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(1) The crystal is nearly in equilibrium with its solution, 
which is only barely supersaturated (undercooled, if a melt). 

(2) Only such lattice types are considered as show the poten¬ 
tial energy between two particles as simple functions of the dis¬ 
tance and in which the energy of attachment to the lattice is the 
sum of the contributions due to each adjacent neighbor; this 
will apply to the van der Waals forces in homopolar crystals and 
to electrostatic forces between ions in the ionic types. 




Fig. 62. The left-hand and right-hand environments of a cr>'stal unit 

particle. 

The crystal is then assumed to build itself up by the indefi¬ 
nitely continued repetition of the most probable equivalent steps 
(Kossel’s wiederholbare Schritte). These, however, will not be 
equivalent in their entirety, for in the neighborhood of the edges 
and corners there will be an energy of attachment different from 
tliat obtaining over the greater proportion of the face. He stipu¬ 
lates the simplest possible relationship between single particles 
and the body of the crystal, such as exists, for heteropolar link¬ 
ages, only between ions of absolutely equal charges. The best 
example of such a crystal is found in rock salt. 

The forces around a particle about to attach itself to a crystal 
surface will, in general, be only half those around a similar crystal 
ion embedded in the interior. This is readily visualized by imagin- 
ing the attaching particle to be suspended in space and the whole 
crystal environment then brought up to it from, say, the left-hand 
side (Fig. 62). Then a similar crystal block, related to the first- 
mentioned block as a plaster cast is to the mold, can equally be 
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imagined as moving up to meet the particle from the right-hand 
side. And, if both portions were moved up simultaneously, there 
would be found a complete crystal cube with the original single 
particle occupying some point in the interior thereof (Fig. 63). 
Though such a process is impossible to perform, the half-process is 
constantly occurring—in fact every time a particle joins the main 
body of the crystal during growth. For this reason, Kossel treats 
the growing crystal as a “half-crystal.” When a cubic centimeter 

of crystal material is deposited, the 
energy of attachment liberated is 
equal to U. As this takes place in 
L equivalent steps with an amount 
u liberated at each step, where u = 
U/L {L = Loeschmidt number—mol¬ 
ecules per cubic centimeter), u can 
be evaluated. Since, if the attach¬ 
ment occurred in rows parallel to 
a cube diagonal, there would be 
just as many attachments to make 
up the total energy U as there would 
if attachment occurred in rows par¬ 
allel to a cube edge, the energy 
released per step must be the same 
in the two cases, and it cannot matter to the theory whether 
the one mode or the other is followed out, Kossel uses the expres¬ 
sion wiederholbare Schritt to signify this minimum periodicity of 
growth. He considers the attachment energy of this wiederholbare 
Schritt (perhaps best translated freely as “equivalent step”) as 
made up of three portions which, instead of being expressed in 
absolute units, are stated in “practical units of the molecule.” 
“Unit energy” is that gained by the joining together of an ion and 
one single neighboring ion. Then, if the lattice energy of a given 
step in these terms is expressed as this can be split up into 
three portions, two of which, </»' and 0”, are tangential to the growth 
direction (i.e., parallel to the growing crystal surface) and one, 
at right angles to this surface and thus coinciding with the direction 
of growth in the usually accepted sense (Fig. 64). Then, for the 
equivalent step, 4>o = 4>' + <t>” + When a lone particle set¬ 

tles on a face to begin an entirely new layer, the energy release is 
that due to alone (i.e., to the vertical component). For the 



Fig. 63. The merging of left 
and right portions about the 
crystallizing particles. (Kos¬ 
sel.) 
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beginning of a new row, adjacent 
to an already completed one, we 
have, correspondingly, </>'" + </>", 
the latter being the component 
answering for the “side pull.” 

For the continuation of a row 
already begun, the full tally (viz., 

0'" + <t>" + <t>\ is involved, <t>' 
representing the portion parallel 
to the direction of the row of 
particles). The energies associ¬ 
ated with the deposition on a num¬ 
ber of the most important posi- 

tions on a cubic block are then The directions of o', o" 

evaluated in terms of <t>\ <i>'\ and and 0 '” (arrows). 

These cannot be worked out 

for an absolutely general case, but homopolar and ionic crystals 
have to be considered separately. 

The “Homopolar” Crystal 

For homopolar crystals, the potential energy between the single 
particles at closest approach serves as unit of energy. The force 



Fig. 65. The six closest neighbors of a lattice particle. (Kossel.) 

falls off very quickly with distance, so that only the nearest 
neighbors need be considered. Kossel limits the calculations, as 
does Stranski, to the atoms adjacent along cube edges, cube face 
diagonals, and cube diagonals, these distances being proportional 
to 1, ^/2 and y/S on the simple cube lattice. There are 6 at unit 
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distance (Fig. 65), 12 at unit distance multiplied by (Fig. 66)^ 
and 8 at unit distance multiplied by -v/S (Fig. 67), making a total 
of 26 closest-placed neighbors. The environments, from which 



Fig. 66. The twelve next-closest neighbors of a lattice particle. (Kossel.) 

the energies are calculated, are next dwelt upon and a system of 
symbolizing them evolved. Thus, Kossel places, for each energy 
component of the equivalent step (i.e., for </>', etc.) the number of 



Fig. 67. The eight particles, third in order of closeness to a lattice particle. 

(Kossel.) 

neighboring atoms responsible for the effect, so that the first vertical 
column represents the number of atoms which are adjacent along 
cube edges, the second column the number related across face 
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diagonals, and the third column the number related across body 
diagonals (the potential due to atoms at greater distances than 
these being neglected on account of the rapid fall-olf ). For 
example, with the ( 100 ) plane, the downward pull is proportional 
to the portion But for a lone atom, lying on a cube surface, 
the numbers of neighbors at a, a-\/2j and a\/3 distances are, 
respectively, 1, 4, and 4. So that, to calculate the “equivalent 
step,” <^>0 = 1 Kossel takes all neighbors in the 

plane below as contributing their quota to the vertical component, 



Fig. 68. Atoms contributing toward the forces of attraction 0', and < t >"' 
on a particle x arriving on a growing crystal surface (e.g., for the pull 
there are 1 atom at a, 4 atoms at a\/2, and 4 atoms at a\/S). Kossel indi¬ 
cates this by the symbol <p”'aoo) — 1 | 4 | 4. 

SO <t>"'iioo) = 1 1 4 1 4 (Fig. 68 and explanation). Then, the side 
pull, <t)'\ will have only such neighbors as are in the same (partly 
formed) lattice plane (i.e., 0”(ioo) = 1 1 2 j 0). Then all that 
remains for <^'(ioo) is the one neighbor omitted in the schemes for 
</)” and </)”'. Wherefore 

0\ioo) = 1 I 0 I 0 

0 "(ioo) = 1 1 2 1 0 
*^*^^^ 100 ) = 1 1 4 I 4 

so that <^o» for (100), is equal to 3 j 6 | 4. For the beginning of a 
new row next to rows already completed, we should have + 0 '" 
(i.e., 2 1 6 1 4). Kossel then considers the (110) plane. It is 
obvious, he says, that our choice of lattice plane does not modify 
m any respect the actual environment of a point in the space lattice. 
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There will always be, for any atom, 26 neighbors, divided thus: 
6 at 1 unit distance, 12 at V^, and 8 at Vs unit distance. The 
energy portions, however, considered as ^aio), 0"(iio), and 
are different from those taken on the cube plane. Thus 

^\iio) = 1 I 0 I 0 

=0 1 I 2 

0'"(iio) = 2|5|2 

so that <j)o for (110) is 3 6 4, the identical value as for the (100) 
plane. Thus Kossel confirms his previously quoted view that the 
equivalent step is identical whether the atom rows travel during 
growth along one crystallographic zone axis or another. For the 
commencement of a new row, adjacent to one already formed, the 
energy is <f>'\iio) + (i-e., 2 | 6 | 4). The commencement of a 

new layer in both cases is conditioned by the two values of 
and, as </»'"(ioo) = 1 j 4 | 4 and </>'"{no) = 2 | 5 | 2, there will be a 
readier attachment in the latter than in the foiTner, and with (110) 
there will be less time wasted in pauses between the period of rapid 
tangential growth. Once a beginning has been made (i.e., an atom 
laid down), the planes will spread rapidly to completion. Thus, 
to reiterate, the growth rate will depend more upon the chance of a 
lone atom finding a seat on a complete surface than upon the rate 
at which subsequent atoms are laid down side by side with it to 
form rows, and growth, therefore, on KosseFs model, is a pulsating 
process—a burst of positive growth dropping practically to zero, 
with comparatively long intervals during which nothing at all may 
be happening. This is not an oscillation of growth and re-solution 
periods, however, such as is sometimes suspected to happen. 
There then arises the further question: Where does the surface 
concentration Ci of the expressions derived by Berthoud, Valeton, 
and Friedel come in? For a crystal may be developing rapidly 
[i.e., using up solution on its (001) face] while there is a temporary 
lull in activity on the (100) face. The concentration all around the 
crystal at the surface cannot be the same in all cases. Clearly 
there must be a constant surface concentration around a crystal 
while the mechanism of the wiederholbare Schriit operates. At such 
instants of time, when the concentration all over is alike, however, 
the model of Kossel may well be a close approximation to reality. 
By its very own operation, however, it must needs bring about 
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a state of things wherein diffusion will become of importance, ex¬ 
cept where stirring is so vigorous that a layer of quiescent solution 
only a few molecules thick intervenes between the surface and the 
main body of solution. 

One further and very important conclusion derived by Kossel 
is that, to begin a new layer, on top of one just completely tilled in 
(i.e., by the attachment of the first lone atom, an operation unic[ue 
for each successive layer and one which provides the “tempo” 
of the growth), the interior of the plane is the most likely spot for 
homopolar types of crystal, followed by the edge and the corner 
in lessening degrees of probability. For, while the 0'“ value in 
the center of a face is 1 | 4 j 4, it can readily be seen, by construct¬ 
ing a simple sketch on the lines of Fig. 68, that, for an atom poised 
above an edge but not near a corner, the 4>'” value becomes repre¬ 
sented by 1 1 3 1 2 and on the very corner itself by 1 | 2 | 1, values 
which point to a considerable drop in the attraction of the neighbor¬ 
ing atoms and therefore to a lessened probability of attachment. 
It is interesting to contrast this with the behavior of heteropolar 
crystal surfaces (below) where the probability, according to Kossel, 
is in the reverse order. 

The Heteropolar (Ionic) Crystal 

In considering the case of an ionic crystal, Kossel adopts as 
unit of energy that amount needed to separate t\^'o adjacent and 
oppositely charged neighbors. Picture, then, at the beginning of 
growth, the parallel rows of ions on a cube surface, say rock salt. 
The attachment of an ion adjacent to an oppositely charged 
neighbor is equivalent to a charge of +1. The ion of like sign, 
next-but-one to the first, will repel it, and its contribution will be 
— the sequences of the remaining ions being —34, +34, 

etc. It will be seen that the energy of attachment to a “row” 
consisting of one, two, three (etc.) ions will be given by the strongly 
fluctuating value +1 (to one atom), +0.5000 (to two), +0.8333 
(to three), +0.5833 (to four), etc., with a limit of = 1 — 34 

+ 34 “ 34 H— ', which will converge on In 2 (i.e., <^>'(ioo) = 
0.69315). According to this view of events, there must be, at the 
beginning of a new row, a marked variation in the ease with which 
an ion can set itself down in the row. After a few ions are lined 
up, however, these fluctuations will be smoothed out and more 
uniform conditions will prevail. 
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For the calculation of 0" and 0'" values, an idea of the manner 
in which the potential falls off with distance is necessary. Kossel 
shows, by means of a curv^e in which </> is plotted against unit ion 
distances, that there is a very large falling off as this increases. 
(He is considering the relationship of an ion poised above a com¬ 
pleted chain or row, the distance being that measured vertically 
over an ion of opposite sign in the row.) The value of unity would 
only apply to the attraction of the ion of opposite sign below it if 
there were no compensating repulsion from neighbors on either 
side. As it is, the latter cannot be neglected and, even at a unit 
distance, the value is down to 0.1 and, at a distance of 2\/2, the 
sum total of the attraction-contribution of the whole row below 
is reduced to 0.0002. From the curve, Kossel is able to sum the 

various values and arrive at 100 ) = 0.1144 and <^'"(ioo) = 0 . 0662 , 

in addition to the value, already given, of </>'(ioo) = 0.6931. Hence 
4>o = + <i>'” — 0.8738. This is the value (representing 

the urge to deposit on the part of an individual ion) for the so-called 
“equivalent step” [i.e., to a point in an incomplete row of atoms 
on a (100) face]. The value for a point in some mid-portion of a 
(100) face is </>'“, above (i.e. = 0.0662), while for depositions at 
the side of a partly completed row (i.e., in a re-entrant one atom 
layer deep) the value is 0“ + </»'" or 0.1807. It is obvious that, 
once a new layer has started, the most natural place for a new ion 
to deposit is exactly as for homopolar crystals (i.e., to continue an 
already started chain of atoms). When a chain is complete, the 
next easy step is the beginning of a new chain. But what will 
happen when the whole layer has been deposited? Diffusion from 
supersaturated layers surrounding the crystal will rapidly bring 
about conditions wherein further deposition becomes most urgent. 
But where will a new ion fasten onto the completed (100) surface 
below? In a homopolar crystal, as we have seen, the order of ease 
is mid-face > edge > corner. KosseFs values for these three 
positions are, in the above order, 0.0662, 0.0903, and 0.2470. 
Hence it would appear that, in the order of probability of starting 
a new face, the above positions are reversed so that corner > edge 
> mid-face. Apart from this, it is obvious that the modus 
operandi is similar in the two cases. It is interesting to note, 
here, that, when layers are placed uniformly in position in the 
Kossel manner, a rate of several thousand a second is common 
(e.g., in a crystal of potash alum growing to a thickness of 3 milli- 
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meters in 10 minutes, often observed by the writer). If a large 
proportion of this time consists of lulls, the time taken to put down 
one single layer (5 to 10 square millimeters area) must be very 
short indeed. This tendency for initial growth to occur at corners 
and edges might, at high supersaturation values, cause the crystal 
to assume skeletal or hollow formations such as are often encoun¬ 
tered with NaCl. A glance at the paragraphs on dendritic growths 
will show that other workers have ascribed this skeletal and 
dendritic growth to other physical factors. 
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The “Incomplete” Planes 

Another implication of Kossel’s theory is that, although the 
formation of ion rows on (110) will proceed more rapidly than on 
(100), the outermost surfaces par¬ 
allel to (110) may not consist of 
lattice-110 planes, such as are to 
be found in the interior of the 
crystal (Fig. 69), but will be 
stepped or terraced, the step units 
consisting of (100) strips (Fig. 70). 

The reason is that in a hetero- 
polar crystal there is a strong repul¬ 
sion between rows of like ions, the 
formation of which, from an 
energy point of view, it is advan¬ 
tageous to avoid, so that, when 
one (110) ion row is formed, the 

next upper (110) ion row will be at a distance from it equal to 
several times the (110) spacing. This may be stated in terms of 
units on the (110) and (100) faces. For, although there is an 
identical energy release for the deposition of the same quantity 
(i.e., <i>o(iiQ) = 00 ( 100 )), the separate 0 values are different, the 
repulsion between rows of adjacent ions of like sign always found 

on the (110) face of a rock-salt structure actually causing its 
0 " value to become negative: 


Fig. 69. A “complete” (110) 
face of the rock-salt structure. 


0'(iio) = 0.6931 (= 0'(ioo)) 

0"(iio) = -0.0275 

0 " oio) = 0.2082 

It is well known that, when a sphere of rock salt is placed in a 
slightly supersaturated solution, the {110} types quickly vanish. 
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although {210} remains a comparatively long time (e.g., Fig. 51^ 
Chapter 3). The enhanced value for ^'"(iio) would account for 
the former fact on KosseFs theory; but he has no convincing ex¬ 
planation of the lasting powers of (210), though the latter has a 
slight but positive value for <^>"( 210 ) so that there is a possibility 
of its being a “complete” face as long as it survives on the growing 


Fig. 70. 



An “incomplete” and “uniform” (110) face. (Kossel, Stranski.) 


crystal. Further discussion of “complete” and “incomplete” 
faces will be left until after a description of Stranski's approach 
to the problem. 


Stranski’s Treatment of the Crystal-Growth Problem 

Stranski assumes (21), to begin with, that the “work of sepa¬ 
ration” of the crystal particle from its position on the crystal 
surface is the all-important consideration bearing on the prob¬ 
able character of the growth process. By this work of separa¬ 
tion, he signifies the amount of work needed to remove the ion, 
atom, or molecule from the lattice surface to infinity. Molecules 
which have the greatest work of separation will need most re¬ 
moving and will consequently tend to retain their places longer, 
while, conversely, new molecules will settle down at such points 
more readily. For calculating this work of separation he makes 
use of the principles of lattice theory, especially those parts 
dealing with electrostatic forces between ions, while ignoring 
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the heat motions of the atoms. It is well known, he states, that 
in ionic crystals the cohesion of ions in the lattice may he accu¬ 
rately estimated by means of the electrostatic forces between 
the ions and by the repulsive forces as postulated by Born (22). 
Some speculation with regard to the condition at the crystal 
surface is necessary, and Stranski cites two alternative stand¬ 
points. According to the one, supported by work of Aladclung 
(13), the ions do not remain in the same relative positions at 
the surface as in the lattice interior, but suffer deviations from 
the lattice positions, the displacements being in general different 
for anions and cations. On the other hand Biemiiller (23), 
using Born’s calculations, figures the process at the surface as 
one of deformation or distortion of the ions themselves rather 

than of any appreciable displacement from nodal points in the 
lattice. 

Should this ion deformation occur, it will result in a closing 
up of the spacing between the first and second lattice planes 
through an increased attraction brought about by the dipole 
formation, while the second and third planes will be farther 
apart. The distance between Na+ and Cl- ions in a rock-salt 
structure is 2.8 X 10“® centimeters, whereas, in the free mole¬ 
cule in the gaseous state, according to Born and Heissenberg’s 
calculations (24), this has been narrowed down to 2.29 X IQ-® 
centimeters. The surface distortion will cause the ion distances 
in the outermost lattice plane to approach somewhat the lower 
figure. This approach of ion pairs causes fissures or cracks, of 
dimensions somewhat less than one ion diameter, to appear in 
the outermost layer (though these have no relation in size to the 
cracks suggested by Zwicky and disappear again the moment a 
new outer layer is added during the next stage of growth). 
Stranski adopts the Biemuller model as a starting point for his 
calculations. In his Table 1, Stranski (21) sets down, in the 
first column, twenty-seven different positions on a growing cube 
that an atom or ion can occupy (Fig. 71). In column 2, he 
gives the values of <^i, this being the factor in the calculation of 
«ie work of separation that is due to electrostatic attraction. 

olumn 3 contains the values of <j> 2 , these representing the re¬ 
pulsive forces between ions. (He assumes that the repulsion due 
to ion deformation is compensated by the deformation of other 



194 RECENT THEORIES OF CRYSTAL GROWTH 

ions which would be laid open by the partial removal of the 
said ions, this being only approximately true.) In calculating 
the “work of repulsion” only the closest neighbors are taken into 

account (viz., those at distances d/2, d^/2/2, and dV3/2, these 
being the closest neighbors along the cube edge, cube face di¬ 
agonal, and cube body diagonal, respectively. According to 



Born, the repulsion portion of the lattice energy due to a simple 
ion is equal to 3.4876cV9d, from which we find that 

— ^ Ui ^ — 3 . 4876 €^ 

^ d W ^ 9d 

Here n©, ni, and 712 are the numbers of ions situated at distances 
tq = d/2, Ti = dy/ 2 / 2 ^ and r 2 = d'\/3/2, while K is b. constant. 
In the interior of a crystal, tiq = 6, ni = 12, and n 2 = 8, so that 
K is calculated to be 0.52952. For an ion in any given position, 
we shall have 
2 

<h = - [(”0 X 5.883 X 10-2) ^ 2.6 X 10 *) 

+ (n2 X 4.2 X 10-^)] 
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Thus, to evaluate position 3 in the figure, we put no = 3, ni = 3, 
and 712 = 1, so that 

d „ 

<t>2^= “[(3 X 5.883 X 10-2) + (3 X 2.6 X IQ-^) 

€ 

-f- (4,2 X 10“^)] 

= 0.1847 

and so on. The fourth column is occupied by values of <t>, this 
being the work of separation for a single ion, and <f> = <^ 2 . 

Numbers 1 to 20 refer to positions on tiie cube face, 21 to 25 on 
(1101, and 26 to 27 on (111). Stranski also evaluates the energy 
associated with the work of separation of ion pairs (molecules). 
These are included in the last column of the table under the 
heading The remarkable feature of the values is that, 
in the large majority of cases, they are less than the values 
(i.e., the work needed to tear off a molecule from the surface 
is less than that required for either of the single ions). This 
would seem to point to dissolution being more likely to occur 
in a molecular rather than an ionic fashion, and Stranski thinks 
that some molecules thus formed might persist in the vapor state. 
He also argues the need for ion strips or ion flakes very similar 
in character to the two-dimensional crystal seedlings of the 
Volmer adsorption-layer theory of crystal growth. The final 
picture, representing growth of the cube of rock salt in its appro¬ 
priate environment, is somewhat as follows. Over the outer¬ 
most layer of the cube, the latter presumed to be confined inside 
completed (100) faces, local pockets of supersaturation will 
develop, and at these points new two-dimensional seedlings will 
form. These, under the continued favorable conditions, will 
gro\\ by strip adding to strip until the whole surface is covered 
by a completed new layer. The beginning of such an initial strip 
is easier at a cube corner than at an edge, and least of all at the 
center of a face (heteropolar crystals). 

The most important position of those illustrated in the figure 
IS number 6. When the growing surface is sufficiently big, all 
other positions (8, etc., up to 18) may be neglected, when com¬ 
pared with this, and growth proceeds by the completion of chains. 
If the deposition were to be regarded as a kind of adsorption, 
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the adsorption potential would be equal to that of position 6 or 
6 ' (Stranski’s Table 1). It should not be overlooked that Stran- 
ski has used as a model the case of an ionic rock-salt type of 
crystal growing by a process of deposition from the vapor as in 
the earlier works of Volmer and not, as in KosseFs work, from a 
supersaturated solution. 

“Complete” and “Incomplete” Planes 

A very important inference drawn by Stranski, as by Kossel, 
is that, with the rock-salt type of crystal, no other planes than 
the cube are a physical possibility. The other planes (110, 111, 
etc.) are not present as complete (vollstdndige) lattice planes at 
the surface but consist of steps of the fundamental cube planes 
(Figs. 69 and 70). 

Thus a (101) plane would consist of alternations of (001) 
and (100), in exactly equal proportions, and the steps would 
have to be several atoms thick. Such a constructed plane would 
be “incomplete” (unvollstdndige) and “uniform” {gleichfdrmige). 
If, however, the steps were uneven and variable, the planes 
would not be smooth to the eye and would only approximate a 
true crystal plane. Such types are called by Stranski “incom¬ 
plete” and “non-uniform” (ungleichjdrmige) (Fig. 72). Stran¬ 
ski is quite definite here—on a rock-salt arrangement no other 
boundary faces than those of the form {100} are possible. He 
elaborates this view in great detail in a later paper (25). For, 
although the two-dimensional seedlings, such as are formulated 
in Brandes^ version of the adsorption-layer theory and fully 
accepted by Volmer (26) and by Stranski, are considered to 
provide the means of growth on the cube faces, Stranski says 
that such seedlings would be an impossibility on a (110), a 
(111), or on any other “incomplete” face of the crystal. It is 
possible that this is the weak spot of the theory. There is really 
no connection between the atomic striations such as Stranski s 
theory postulates, for (110) and other faces, and the visible or 
microscopic striations so often seen on many otherwise well- 
developed crystal faces. For even microscopic steps on a face 
would consist of at least some thousands of atoms across, where¬ 
as a dullness which was unresolvable microscopically would have 
steps hundreds of atoms deep and the theory only needs a jew 
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single steps. Hence it should be remembered that striated, 
grooved, and dull-reflecting faces provide no evidence whatever 
for this aspect of the Kossel and Stranski view on incomplete¬ 
ness of faces but that the latter is necessitated on theoretical 
grounds alone. The presence of striations is a feature of the 
growth process with many crystals, and they provide interosting 
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Fig. 72. An “incomplete” and "non-uniform” face. (Stranski.) 

food for thought. Tliey generally oceur in some particular direc¬ 
tion on a given crystal face, usually sufficiently so to provide a 
method of identification of the setting up of the crystal by this 
means alone, though even they may at times be completely 
altered by the circumstances of growth or the addition of im¬ 
purities. For instance, the (100) faces on KCIO4 are always, 
in the pure state, striated vertically [this, too, in contradistinc¬ 
tion to an identically built-up face, the (100) face of KMn 04 , 
which is striated horiontally]. The striations of ( 100 )-KC 104 
remain vertical, even when a large variety of impurities are 
present during growth and irrespective of whether the (100) 
face IS overlooked by a predominating pair of {102} faces or of 
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{110} faces. But in the presence of two or three dye impurities, 
of which Solochrome Red B and Azogrenadine L (Colour Index 
Nos. 216 and 55, respectively) are examples, the striations are 
always horizontal. Again, the same face, the (100) of KCIO4, 
in the presence of another dye, Solochrome Violet R, may exhibit 
a high degree of planeness and polish, without a vestige of 
striations. 

The assumption of incompleteness in surfaces also raises diffi¬ 
culties when we attempt to introduce the idea to crystals other 
than rock salt. For example, our understanding of the modifica¬ 
tion of crystal habit (by the suppression or extension of certain 
faces) caused by impurities added to the solution is not readily 
assisted by this suggestion. Stranski himself mentions the 
change-over from cube to octahedron when rock salt grows with 
urea present in the solution. He is not able to decide whether 
his theory, which on this point agrees with that of Kossel, sup¬ 
ports the notion that the added urea has rendered the {111} 
planes capable of growing in the “complete” (vollstdndige) sense 
or whether the much-enhanced (111) surfaces would still con¬ 
sist of a regular distribution of {100} trigonal pyramids. Little 
as we know of the underlying features of habit variation in 
crystals as produced by impurities, it does not appear feasible 
that, when a crystal face is “incomplete” (i.e., made up of steps 
of the “complete”—usually pinacoid—face), it should ever in 
any circumstances find itself developing to the absolute exclu¬ 
sion of the “complete” form. Thus, why in Fig. 73, if {011} is 
normally only small on KCIO 4 crystals and made up of strips 
or pyramids of the “complete” form, should it, in the presence 
of impurities, take on a habit in which the “complete forms 
disappear from the crystal? And when this happens, as it does 
both with the {011} and the {102} forms (Fig. 74), should it 
be possible for the so-called “incomplete” form, which now pre¬ 
dominates, to be brilliant and plane, judged by the usual crystal¬ 
lographic standards? This is particularly so in the case of other 
examples (e.g., the { 010 } planes of K 2 SO 4 , { 010 } of acid-potas- 
sium tartrate (over large portions of the surface), and {010} of 
K 2 Cr 04 ). It is not easy to understand how, if a crystal form 
predominates, nay, even excludes altogether the so-called “com¬ 
plete” form, it may still be considered as built-up of steps o 
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the excluded “complete” form, while the latter, tiiough sup¬ 
posed to build up the whole of the crystal surface by steps 
parallel to itself, cannot produce a visible plane extension of 



Fig. 73. (Oil) and (101) of KCIO 4 viewed as steps of 001 | 110 faces. 


itself. Kossel and Stranski both worked, and necessarily so, on 
types of crystal similar to rock salt. Among other premises, 
Kossel stipulates that the symmetry of the ions under consider¬ 
ation must be such that they will 
have identical configurations when 
viewed from the many different 
angles afforded by the 26 closest 
atom neighbors. This stipulation, 
however, limits us to such cases as 
the alkali halides or metals and not 
to the majority of crystals which 
possess more complex ions. 

In a later paper (27) Stranski pays particular attention to 
the crystals with homopolar linkages, and the metals are classed 
with these too. Considerations of energy indicate that, on such 




Fig. 74. Modified habit of 
KCIO 4 with {102} and {011}, 
assuming predominance over 
the usual {110}, {001}. 
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types of crystal, faces truncating or beveling the pinacoidal 
faces are probable as “complete” or atomically built-up faces. 
On the other hand, metals which grow through the medium of 
electrolysis cannot be included with those grown by other means. 
The charge liberated by each atom as it enters the metal will 
cause work of an electrostatic kind to be superimposed, and 
Stranski shows that the net result is that corner and edge growth 
(i.e., dendrite formation) should be a characteristic. But the 
average homopolar type of crystal should be one on which many 
different kinds of face are present in their own right as “com¬ 
plete” atomically level planes. In fact (28) any homopolar 
crystal is, in terms of stability, practically certain to consist of 
several forms. 

Now the large majority of other kinds of crystallizing sub¬ 
stances, excluding the simple types like the alkali halides, must 
have ions whose configurations will certainly differ when viewed 
from different angles (such as, e.g., the tetrahedral silicate or 
sulphate ions). Hence it is probable that the phenomenon of 
the “incomplete” crystal surface is of relatively uncommon occur¬ 
rence even on ionic crystals and need not trouble us unduly. As 
regards the other contributions made by the structure theories, 
it seems as if the wiederholbare Schritt should possess the great¬ 
est significance and, when suitably amended to serve the needs 
of recent researches (particularly if a convincing connecting link 
with the adsorption-layer theories can be found) may remain 
the most important advance yet made on the subject of crystal 
growth. So far as this connecting link between Kossel and 
Stranski’s views and the adsorption-layer theories is concerned, 
Stranski is of the opinion that his presentation of the growth 
process may actually accompany the Brandes idea of a two- 
dimensional seed. He points out that, if it be so regarded, the 
adsorption potential would be that of position 6 in his Table 1 
( 21 ). 

Brandes and Volmer, in a later paper (26), show that their 
calculations, based on the idea of specific edge-(margin)-energy, 
lead to the same order of preference for the starting point of a 
new layer on a (100) face of a rock-salt structure. Their values 
of work released when a tw'o-dimensional seed is formed just 
stable enough to survive are, for the corner, 1.07 X 10"^ ergs, 
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for the edge, 1.57 X 10"® ergs, and, for the face center, 2.3 X 
10 "® ergs, at an assumed very slight supersaturation (e.g., O.l^^). 
The new (100) face would therefore tend to start on a corner 
in preference to an edge and on an edge in preference to a face 
interior, this being the same order as obtained by both Kossel 
and by Stranski for ionic crsytals. It was stated earlier that the 
values for (100) and (110) derived by Brandes were 2.3 X 10“® 
and 16 X 10"® ergs, respectively, and this also is in the right 
direction, showing that, so long as there was any expanse of 
(110) face, all deposition would be far easier on this plane and 
there would be practically no growth on the adjacent (100) 
planes until (110) had laid down sufficient surface lattice planes, 
one after the other, to insure its own destruction. In the dissi¬ 
pation of a crystal surface by dissolution or evaporation, the 
points on the surface which had the least energy released on 
their deposition would likewise be those most easily driven from 
the surface when the requisite energy was supplied to them. 

If the Volmer-Brandes-Stranski idea of a two-dimensional 
seedling capable of survival, and varying in extent according to 
the degree of supersaturation, were to be accepted, an interesting 
point would arise in the relationship, as to size, between such a 
seedling and a solid, three-dimensional seedling capable of persist¬ 
ing after formation in a solution under the same conditions. Both 
would obviously not need to have such initial dimensions in a 
strongly supersaturated solution as they would require in one 
which was but little removed from saturation. For, if it turned 
out to be as easy for a three-dimensional seed to form in the body 
of the solution as for a surface two-dimensional seed, there would 
be little encouragement for a crystal to grow any bigger than the 
original seed. On this question, Volmer states (9), “the work of 
formation of two-dimensional seedlings is generally Vanishingly 
smair compared with homogeneous-seed-formation in the same 
degree of supersaturation”; in other words, the former process 
would continue in supersaturations which would preclude the 
latter. Elsewhere (29) Volmer and Schultze, after stating that, 
in the earlier exposition of the adsorption-layer theory, surface 
migration received too great emphasis and the formation of two- 
dimensional seeds too little [Brandes first introducing it (5)], they 
calculated that if, at a certain supersaturation, it were possible 
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for these to exist on a crystal surface of ice, a further supersatura¬ 
tion (supercooling) of 20 % would be required before new crystal 
seeds could form in the bulk of the liquid. The relationship would, 
however, vary according to substance and circumstance. Stranski 
and Kaischev (30) in a later paper, in which they try again to 
justify their adoption of the Volmer and Brandes two-dimensional 
seedling idea, calculate a connection between the sizes of the latter 
and of a new three-dimensional seed capable of survival in the same 





<a) (b) 

Fia. 75. (a) A completed cubic crystal face. (6) A square two-dimen¬ 

sional seed on a cube face. (Stranski and Kaischev.) 

degree of supersaturation (supercooling). In Fig. 75a, they depict 
a cubic crystal whose uppermost surface, of length 03 , is subdivided 
into na units (atoms, etc.) whose distances apart are ro, so that 
^3 — ^3 X 7 * 0 . They divide the Ahirennungsarheit (i.e., work of 
separation of the whole surface into three operations—all except 
the two edges shown as X and Y). The number involved will be 
(ns — 1)^. If <t> is the work of separation of two crystal units 
originally separated by a distance ro, Stranski and Kaischev show 
that 3<t> = <?, the latter being equivalent to KosseFs value 
(i.e., <t> here is But the — 1)^ units (above) are involved 

in (na — 1)^ X S<l> units of work. Then they take the two strips 
X and F, omitting the common unit, and find 2 (n 3 — 1) X 2<t) 
and, for the last unit, a value <f>. The average for these is 


3<t>(ns — 1)^ + 40(n3 — 1) + ^ 



2<p _ 24>ro 

= 30 -= 0 - 

na aa 
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In a similar way for the two-dimensional seed of Fig. 756, whose 
length is a 2 , and 02 = n 2 X vq, the average work of separation 
of the units in the seed, is given by 

+ 20 0 _ 0ro 

0 a2 = - = 30-= 0 - 

712 ^2 

Assuming that the mean work of separation of a unit in the com¬ 
plete face and in the two-dimensional seed are the same (i.e., 
that 0„3 = 0 a 2 ), we get 20 ro/a 3 = 0 /*o/a 2 or 2 a 2 = 03 . Hence it 
appears that, in a concentration in which a three-dimensional seed 
of size 03 is just able to sur\dve and any lowering of the size of the 
seed will cause its disappearance, a two-dimensional seed of only 
one-half its length of edge, appearing on the crystal surface, can 
remain and continue to grow. Hence, Stranski and Kaischev say 
that, at low degrees of supersaturation, the spread of the surface 
layer from the seedlings formed in it will be the only process taking 
place, but, as the supersaturation grows to greater heights, a condi¬ 
tion may arise in which entirely new crystal seeds will be able to 
form, and both processes may then be occurring simultaneously. 
With Kossel, on the one hand, there is one single periodicity at the 
crystal face which, as has been explained, is due to the lull or wait¬ 
ing period following a burst of activity which has peopled a surface 
to completion. Once a single crystal unit is laid down, provided 
there is no variation in the supersaturation (supercooling) of the 
surrounding liquid, no further impulse is needed and the next 
plane will proceed to build to completion. With Stranski, once 
a crystal seed has formed (presumed cubic in shape) a two-dimen¬ 
sional seed on one of its surfaces will have to be about one-half 
its size, at least, before it will spread, whereas the laying down of 
one single surface element, as specified by Kossel, would dissolve 
off again. At a later stage, with a fairly large crystal, the formation 
of two-dimensional seeds would occur more favorably on each of 
the cube faces than would that of a new three-dimensional seed, 
and this would provide the tempo of growth to larger dimensions. 
But when the supersaturation is less, as when a large crystal is 
growing more slowly, it would appear that these two-dimensional 
seedlings would also have to possess a much greater minimum size. 
If we accept the Stranski view that a small two-dimensional seed, 
with related atoms beneath it, can disappear when below a certain 
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size, we seem to have reached to a secondary kind of metastability, 
which is less easy to justify than the metastability due to the wait¬ 
ing for a three-dimensional germ to develop. In the latter case, 
no rigid crystal exists before the seed is formed, but, in the former, 
there is already the comparatively large crystal beneath to stimu¬ 
late it to remain. 

Many other papers have been published by these authors of 
which the essentials have been, to the best of the writer’s knowl¬ 
edge, included in the past few pages. They are mainly applica¬ 
tions of their theories to particular cases (31-35). The idea of 
the two-dimensional seedling has not been entirely confined to 
the above authors. In an abstract of a series of papers in the 
Russian language which the writer has recently perused (36-38), 
these authors have also assumed that growth proceeds tangen¬ 
tially along the crystal in layers starting with the two-dimen¬ 
sional seedling. 

The original Kossel view of the “repeatable” or “equivalent” 
step is far easier to visualize than the more recent versions in 
which the two-dimensional seedling has been superimposed on 
it by the other authors. This is not to say that, in the writer’s 
view, there is anything less likely in such a marriage, but it 
has come to his notice frequently that the average scientist in 
related branches seems unconsciously to be thinking of the 
earlier Kossel model rather than of the more recent adaptations 
whenever he gives a picture illustrating his own problems as 
related to the growing crystal surface. Furthermore certain 
authors have quoted them all as though there were no deviations 
in viewpoint. Kossel himself, in a later paper (39), seems to be 
quite unconvinced of any sound connection between his wieder- 
holbare Schritt and the adsorption-layer theories, even as adapted 
by Stranski. Where the mathematicians fail to find common 
agreement, all that the layman can do is to look forward to 
further experimental work being performed which will help to 
bring this about. Many modern observations provide the idea 
of layer growth rather than proof of such. The nearest approach 
to certainty is provided by a work of Anderson (40), who grew 
crystals of zinc by the Bridgman method (Chapter 2) in the 
shape of a hemisphere and subsequently exposed them for dif¬ 
ferent periods to the action of zinc vapor. Growth occurred, 
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with the gradual tangential extension of the (0001) plane, whicli 
at an early stage assumed a hexagonal outline and was suc¬ 
ceeded by a series of steps covering the hemisphere until, at a 
distance away, pyramid faces developed. 

Anderson adopts Kossel’s picture of the attraction of atoms 
in the immediate neighborhood (and of no others) and calcu¬ 
lates the probability of attachment of an atom of zinc to a 
hexagonal close-packed structure. The basal plane will offer 
least inducement to such an atom, the calculated order being 
(GOOD face < (1012) face < (1010) face < (1011) face < edges 
of various faces < edges of incomplete (0001) face. The tend¬ 
ency for attachment will be by the latter. Any atoms falling on 
the (00011 plane are considered to slide along until they reach 
the edges [i.e., after the manner of Volmer’s original adsorption 
layer, though Anderson does not mention the later (Brandes) 
idea of two-dimensional seeds]. 

Straumanis in a series of papers (41-43) describes a method 
of growing metals, Mg, Zn, Cd, Te, etc., from vapor. The chief 
faces are those predicted by the Kossel or Stranski theories, with 
the important exception that (1012) is demoted from being a 
very important face to insignificance. No explanation of this 
feature has ever been recorded. Gyulai (44) attempts to sup¬ 
port the theories on the basis of some observations on NaCl and 
KCl crystals growing rapidly under microscopic observation. 
He considers that these have shown layers adding to the crystal, 
starting from the corners. Under high magnification, these may 
be of the smallness of one micron (0.001 millimeter). Granted 
the observation, this seems, in the writer's view, to be merely an 
argument from analogy (e.g., some crystals show layers of visible 
thickness, others of microscopic thickness). Why not, then, 
layers of atomic or molecular thickness? Why not? He also 
gives pictures of dendrites pushing out from the rim of a drop 
growing along a cube face diagonal and always bounded by an 
edge serrated by {100} surfaces. In these, the cube corner is 
foremost, and consequently growth is proceeding from it as 
required by Kossel. (This mode of growth is by no means uni¬ 
versal.) Again, he mentions, in dark-ground intense oblique 
illumination, the appearance of the layer-like growths spreading 
over the surface. This, again, must be a layer some hundreds, 
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at the least, of molecules thick to be visible at all and shows that 
the first deposit of an ion (Kossel) or stabilization of a two- 
dimensional seed (Volmer, Brandes, Stranski), which decides the 
speed of growth of the whole crystal, must occur quite frequently 
on a surface (in the most favored position) long before the first 
layer has extended to the confines of the crystal. Hence there 
will be literally thousands of layers all advancing in the same 
sense, one over the other, and, possibly, the topmost ionic layer 

_ - _ rapidly overhauling those below it. 

Excellent photographs showing the 
> V spread of layers over the crystal sur- 

face are shown in Bunn’s Chemical 
/ / Crystallography (45, Plate 1 and pp. 

[ y \ I 29-30). They do not, of course, prove 

L J layer growth down to molecular di- 

X k y mcnsions but are of great interest all 

N-y the same. Bunn’s photograph of the 

. y/ y rock-salt crystal shows layers which 

y^ can readily be interpreted as starting 

--1 at the corners and edges and moving 

Fig. 76. Sketch of layer inwards. This is illustrated in Fig. 
growth on rock salt. jq jg good agreement with Kos- 
(After Bunn.) view on ionic crystals. On the 

other hand, cadmium iodide would appear to have started its layer 
growth somewhere in the middle of the ciystal (Fig. 77) as the 
outer boundaries of each layer are approximately circular, thus ex¬ 
cluding any other possibility. If it be said that Cdio probably lays 
down complete molecular units and not ions, so that homopolar 
conditions prevail, some examples from the writer’s own experience 
will be a useful check. Potash alum may be induced by quite 
a variety of sulphonate dyes to assume the cubic habit, and the 


cubes frequently show layers extending inwards from corners 
and edges (Plate 11). This is all in accordance with an ionic 
type of crystal growth. However, ammonium perchlorate is 
strongly ionic but, in the presence of one or two dyes, assumes 
a tabular habit on the {100} pinacoid. Plate 12 shows two crys¬ 
tals, the upper crystal with the face presented toward the solu¬ 
tion uppermost and the lower crystal overturned. A dye, Heli- 
anthin, the old Badische-Aniline variant of methyl orange (Col- 
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our Index No. 142), is particularly elegant in this respect. It 
will be seen that tlie crystal has deposited in layers from points 
inside the crystal surfaces and has not started new layers at the 
corners. All the lesser rectangles are piled up sheets and not 
depressions as theory woukl expect (i.e., if growth began at the 
corners). This is not at present an insuperable stumbling-block 
for the theory, however, as the relationship between a growing 



Fig. 77. Sketch of layer growth on Cdlo. (After Bunn.) 


crystal and particularly shaped molecules of impurity is not 
too well understood. Similar sheets, starting from points defi¬ 
nitely inside the crystal face and not on a corner or edge, have 
been observed on crystals of potassium dichromate, another ionic 
type of crystal, and are seen in Plate 13a and an example on the 
(100) face of borax is shown in Plate 135. Recently some 
crystals of common salt, grown from pure solution at about 
70° to 80°C, were examined, and the coarse lineage (Plate 14) 
found to consist of cubic blocks which had obviously grown in 
a manner in accordance with the Kossel or the Stranski view for 
an ionic crystal, the layers evidently proceeding from edges and 
corners inwards. On some of these, however, were raised hillocks, 
formed by several thin layers of the salt having deposited one 
on the other. These formations, too. were well inside the crystal 
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11. A (*nl)e of polMsh with layrr tirowth (‘Xtcnilin^ 

('onH'vs and r<l^cs. X^- 


from 



Pl^ATK 12, 

Inclex No. 


Ammonium jx-rchlorato with hclianthiti (Ha<li^^h(■-Ath!in(, (.olou 
1421. A (K)0) and a (UK)) faro .showing layois which have started 

from positions inside the face boundaries. XO. 
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faces 

that 


and far from an edge or a 
these minor formations on 


corner. There is 
NaCi surfaces are 


a possibility 
a feature of 



(a) 



Pi,.m: 13. (r/) K^Ci-Ot— tOlO) witli layois as in Plate 12. X8. (h) Borax 

—(100) with layers as in Plate 12. X8. 


the drying up of drops of motlier liquor subsequent to removal 
from the solution, hut the explanation would ho far-fetched for 
the exaiuitle of K-_>Cr:.()7, above, and (piite impossible for the. 
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cited ease of Nn.,C 104 . However, even when the ionic cr>"stal 
is heliavinjr aeeonlinp; to tlie Kossel mode of deposition, the 
dimensions of a crystal visible to the unaided eye must he 
regarded as of practically infinite extent, so that, when a new 
layer is proceeding naturally from a corner, another layer may 




Plate 14. Cnho fiico of NaCl with odso nn<I corner layers extending; over 

tlie snrfa<‘ 0 . X‘^- 


be starting at some defect or inclusion a millimeter away and 
located somewhere inside the crystal face, particularly during 

rapid deposition. 

Anotlier worker to discuss tlie theory in the light of his results 
is Erdey-Gruz (46). Spheres of silver are made by the Bridgman 
method (Chapter 2) and developed hy .dow growth through the 
eleetrolysis of a variety of solutions, chiefly containing other 
as well as the silver ones (e.g., .4gBr + NILBr. .4gC>v + KC , 
etc.). In certain eases, {100} is predominant, whereas in others 
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the octahedron rules. In accordance with Stranski's view that 
a homopolar crystal should be hounded by more than one single 
form, Erdey-Gruz finds many other forms present besides tiie 
two principal ones given (e.g., {211}, {521}, and a variety of 
{hkO} types from {110} to {510}. But a complication which 
stresses the present inadequacy of the theory is that, whenever 
(100} is predominant, the {hkO} faces are absent although they 
are present when {111} is predominant. But when the latter 
happens, {211} will be missing or very subdued. On the other 
hand when, with {111} predominant, as in a solution of AgCl 
and MgCk, there is only a small extension of {100}, then {310} 
can also be present. Erdey-Gruz advances adsorption as a 
possible explanation, but this is not entirely satisfactory with¬ 
out precise details of the mechanism of the adsorption process 
being known. This, then, is another difficulty to be added to the 
inadequate explanation of the superiority of {210} over {110} 
in rock salt. Matters are not simplified, either, when we find 
that, in natural crystals of galena (another rock-salt structure!, 
{Ill} freciuently predominates and {110}, though usually sub¬ 
ordinate, is superior to {210}, which is practically never found. 
Here in two identical structures the roles of {210} and {110} 
are reversed. 

In all the reasoning connected with the theories in this chapter, 
the crystal’s environment is taken as uniform and identical about 
all points on the surface, so that the theories really represent 
attempts to see how far the crystal (i.e., the assemblage of 
atoms, ions, or molecules on one of the special groupings par¬ 
ticular to all crystals) is responsible for its own shape and super¬ 
ficial development. But it is exceedingly difficult to provide such 
an environment, even with a rather small crystal. Consequently 
the crystal we usually come in contact with or examine has its 
life history written all over and through it, not always plainly, 
but usually sufficiently so to give broad hints as to many of the 
incidents in it. A further difficulty not explained by any of the 
theories is the very common prevalence of vicinal faces (i.e., 
planes of very high indices), variable from portion to portion 
of the same crystal and often varying on the same face from 
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])lace to plare. Tliese planes rut sections through the dominant 

lattice planes at a very small angle to the latter and must as 

a consefpienee possess very low ^•alues of reticular density. The 

“cube" faces of rock salt arc no exception to this rule. Vicinal 

faces are too often ignored 

when gi’owth theories arc 

being formulated. 

Two examples of surfaces 

covered by vicinal faces 

(here groujis of them) are 

shown in Plates 7. 15, and 16. 

In a later jaiper Kossel (47) 

deals with etching and 

growth (by electrolysis) on 

spheres of metals. lie finds 

the fie(|uent presence of vic- 

■-—----- inal faces around the poles 

PcATr: \ry. (100) hire of pofn^l. alum .i„t faces and Con- 

(■ov(‘I(m 1 with \ i<-inal liillocks; tlic « i • 

, 11 , 1 wc eludes from his observations 

{///;()} I'laiK's ar(' illuimnat(‘<i. X^- . - 

that the formation oi the 

crvstal faces is not a fixed and formal attair about which the same 
% 

assumption rc'garding gi'owtii ]>i’ocedure can be made right Irom 
the starting pttint, but that it is rather in the nature ot an aim 




16. XHiCIO, .rvstal -rown willi Azo Acid Red I- (Colour Index 
No. 54) clonfiatcd on A' and with {011} ioi>laccd by vicinal lullocks. X»- 

or objective toward whicli the crystal as it is at any moment 
strives. The path to tlie “objective” is kept open only by cerUm 
particular arrangements of the crystal’s surface formation. os 
sel’s observations are an addition to and much on the lines ot 
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Nitschmann (4S), Gross and Moller (49), Erdj’-Gruz (46), and 
others. 

Again the frequency with which crystals grow as dendrites—• 
often unrepentantly to the end but just as often disguising 
themselves l)y their filling in of the interstices at a later period 
—complicates tlie problem. Very many crystals are filied-in 



Plate 17. Parallel-limbod single-crystal dendrites of KCIO 3 grown with 
Alizarin Red S (Colour Index No. 1034). (Buckley.) x 8 . 

dendrites, and the writer has seen crystals in which the original 
dendrites have been very thin and fragile indeed and not always 
bounded by plane surfaces (more of this in a later chaj^ter). 
But if a dendrite is sufficiently thin, we arc beginning to ajiin'oach 
one-dimensional extension rather than the two-dimensional ex¬ 
tension of the theories in this chapter. Such a possibility would 
cause us to think again when dealing with such problems as 
habit changes due to the presence of soluble impurities (later), 
for, in a number of instances, the inner dendrites appear to have 
been fundamentally modified by the presence of the impurity, 
and such modifications may possibly be at the root of the subse¬ 
quently observed habit changes on the filled-in crystals. How¬ 
ever, on many crystals, whether filled-in dendrites or not, fur- 




214 


KKCKNT THKOKIKS OF CRYSTAL GROWTH 


thcr growth iiaving taken jilace under very slow uniform condi¬ 
tions, layers have been deposited in a manner pointing to the 




pLATK 18. (a) KC'IOt. .'^in'jlc-civstal dondiilrs; more fillod in than those 

shown in Plato 17. (Impurity is (Quinoline Vollow. Colour Imlox No. 801). 
X4. (h) NH 1 CIO 4 of {100} hal>il : nn<lorsm faoo, showing linoago branoh- 


in". 


X8. 


probability of something like the Kossel or Stranski representa¬ 
tion of events being true. On most crystals, however, these 
theories cannot constitute the whole story, but environment will 
also play an important part. Some examples of various kinds 
of dendrites are illustrated in Plates 17, 18a, 18h, and 19. 
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The theories of crystal growth so far enumerated can l)c 
classified into two groups, those stressing the importance of the 
crystal’s own structure—one could almost call it the “heredity” 
viewpoint—where all differences in habit of different crystals arc 
traced to details of the lattice dimensions and arrangement, and 



Platk 19. KClOi and Indian Yellow G (Colour Index No. 146). Nucleus 
has the habit {110}+ {001}: dendi ■itic syu'outin" ha.^; followed with d(‘- 

vcloping {100}, {102}, and {Oil}. x8. 


those laying emphasis on the environment surroundins the ervs- 
tal during growth (e.g., the rate at which material for deposition 
arrived at the actively growing surface). (It is obvious that 
both these features must be taken into account, but the environ¬ 
ment can vary or be manipulated in a large number of ways, 
whereas the structure remains invariant for the given ciystal.) 
()ne theory, that of Curie, took up a standpoint in which both 
views were integrated in the relationships between crystal sur¬ 
faces and surrounding material (i.e., surface energy). 



216 


RECENT THEORIES OF CRYSTAL GROWTH 


As this chapter approaches conclusion, a recent work of 
Buerger (501 has been publislied in which he reviews the prob¬ 
lem of crystal growth somewhat on the lines of the preceding 
paragraphs. Separating the structural and environmental fac¬ 
tors and, for the time being, concentrating on the fonner, he lays 
down the view that, for a general or triclinic case and homopolar 
binding of atoms (the blocks to be laid down being, for sim¬ 




plicity, taken as having the same shaf)e as the unit cell), a unit 
of deposition, shown as a pinacoidal block, will exhibit an urge 
to deposit on the different completed pinacoifls (e.g., {100}, 
{010}, anrl {001}) proportional to the area of its face of contact 
with the big surface. This means that, where the unit block is 
shallow across one pair of faces and deep across another pair, 
the latter will show a lesser tendency to deposit on the completed 
surface below it than the former (i.e., in the starting of a new 
layer of molecular depth). Consecpiently the tempo of deposi¬ 
tion of new layers will vary inversely with the reticular density, 
those with greatest density also having the widest spacings. 
This is shown clearly in Fig. 78 (50, Fig. 2). When a layer is 
incomplete (Fig. 79), the building unit can continue a row on 
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any of the pinacoids with equal facility and, if even distribution 
of the energy over the surface of the molecule is assumed, will, 
in the process, assume a coordination proportional to half its 
superficial area, so that the three pinacoids shown would present 
equal facilities in this respect. The planes, once started, would 
spread with equal speeds to completion, and any differences in 
actual growth velocities would be attributable to the first prop¬ 
erty (viz., the tendency for a first unit to deposit on a com¬ 
pleted surface). The method is very like that of Kossel, simpli¬ 



fied and generalized to the triclinic system, whereas the conclu¬ 
sions arc, so far, the same as those of Bravais. It is well known 
that the Bravais “law” of reticular densities is only an approxi¬ 
mation and has been extenderl by, particularly, Niggli to improve 
its performance (this chapter). Buerger approaches the same 
problem in a slightly different manner. If the unit is caused to 
fit into the underlying lattice in a variety of ways (Fig. 80) 
(c.g., on the various dome faces shown), there will be an exten¬ 
sion above the previous level of the plane—an “excrescence,” 
Buerger calls it—and this will vary in height for the different 
kinds of plane. In the illustration, four positions are shown with 
different “excrescence” heights. Bravais’ rule may be stated in 
terms of these heights (viz., that the growth rates of faces will 
vary inversely with their excrescence heights, the latter being 
a rough measure of the residual surface energies of the molecules 
starting new layers. This “excrescence” rule is also used to 
show that a plane once in existence will resist any modification 
of its slope by systematic deposition (e.g., a 1:3 slope will main- 
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tain its 1;3 slope by “energy barriers” which make the addition 
of two and more units together very improbable). For such a 
deposition, persisted in, would cause a change of slope to 1:2, 
or even 1:1. In Fig. 81, a 1:3 face outline is shown. To con¬ 
tinue, all such positions as c, a, b will be jirogressively occupied. 
To change to a 1:2 slope, as far as the figure goes, b will be added 
by itself, d will be added immediately to a, while two unit ele¬ 
ments will be required to be added simultaneously with c, and 
so on. (This appears to be impossiI>le, any replacement of one 
slope by anothei’ taking j)lace from an edge of intersection in¬ 
wards. ) 



Since the existence of faces on a crystal depends upon their 
surface (*nergies with I’eference to their surroundings, if it were 
possible to grow a crystal in a medium |iosscssing the same value 
of surface tension, no crystallographic bounding planes would 
be necessarily formed, but jxilyhedra developed whose planes 
bore no particular relationship to these. This condition is fre- 
(piently realized in metallic grains. Alany metallic crystals grow 
almost si)lierical for this reason. 

So far a simple lattice structure of eciuivaient particles has 
been assumed. New layers are always rational lattice planes. 
When the crystal, as often, i)ossesses a structure in which trans¬ 
lation accompanies other symmetry operations, the advance of 
the crystal is along planes which are not rational, and at times 
such planes arc found on the crystal after growth has ceased. 
Other factors militating against a “Bravais” final form are 
molecular asymmetry, non-uniform bont! density, and the pres¬ 
ence of impurities. Ionic crystals, too, do not conform well to 
Bravais’ rule. Buerger’s concluding paragraph is of interest here: 

Thus, one of the most fundamental factors in determining crystal- 
habit is the characteristics of the particles which arrive at the crystal- 
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surfaces, including both their geometry and physics of bonding. When 
the particle which would normally be added to the crystal to continue 
its structure must compete with “impurity” particles, then the cor¬ 
responding characteristics of the impurity particles constitute another 
fundamental factor in determining habit. Both lattice geometry and 
bonding characteristics of the crystal constitute a third factor. Only in 
special cases can all three factors be formulated as a function of lat¬ 
tice geometry alone. 

Recently the Bravais idea that the density of atoms in the 
lattice plane (reticular density) furnished the main directing 
force in the growth of crystals has been further extended by 
Donnay and Harker (51) to embrace the large variety of struc¬ 
tures possible in the 230 si)ace groups. The reticular densities 
of planes are greater, the wider the spacings between them 
(obviously, if there are only a certain number of atoms in a 
given volume which is spaced off into parallel planes, the wider 
the spacing out of these planes, the less their number and the 
more atoms automatically associated with each). For example, 
in a hexagonal structure, if there arc no layers parallel to the 
l)asal plane except those passing through tlie top and bottom 
of the unit cell, all the atoms, say n, will rest in the (0001) plane. 
But, if the unique axis is not one of rotation but a trigonal screw 
axis, the n atoms will be divided into three sets and the reticular 
density of each will correspondingly sink to one-third of the 
other value n. The indices of such a plane would be better 
regarded as (0003) rather than as (0001) in assessing its relative 
importance. 

In the simplest case, the cubic lattice p, the indices are 
obtained from h“ = a number, starting with 1; 1 = 

1^ -f 0 -h 0 for {100}; 2 = 12 + 12 -(- 0 for {110}; 12 = 2^ + 2^ 
-j- 22 = {222}, the half-spacing of the cells* {111} planes. The 
lower the indices, the more important the plane will be, so that, 
for a simple cubic lattice, the following is the order which should 
be obeyed, during growth, by a crystal with this underlying 
structure: 100 > 110 > 111 > 210 > 211 > 221, etc. The face- 
centered lattice F and the body-centered lattice I require modi¬ 
fication, and it can readily be shown for these that the former 
requires 111 > 100 > 110 > 311 > 331, etc,, while the latter re¬ 
quires 110 > 100 > 211 > 310 > 111 > 321, etc. These can be 
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derived on Bravais’ simple version, but we have already seen in 
tlie case of the three-fold screw axis of a hexagonal pattern that 
many and varied changes in the relative orders of importance of 
planes can occur if the symmetry elements associated with the 
space groups are utilized. The screw axis affects all planes 
normal to it, an r?-fold screw causing the reticular density to 
fall to 1/n value; the glide plane, too, will halve the density of 
all planes running around a zone axis at right angles to itself. 
In this more up-to-date interpretation of the Bravais rule, 
much closer ap|)roachcs to observed crystal habit have been 
worked out. and in a number of cases it has been possible to as¬ 
sign the correct space grouj> to a crystal from a consideration of 
the types of development of faces. Thus si>ace-group la^d (gar¬ 
net I gi\’es the following order of preference of faces: 211, 110, 
321, 100, 210, while Pn3 (pyrites) gives: 111, 100, 210, 211, 110. 
In the latter, the first three faces are those usually observed, 
though the actual order may not be entirely right. This also 
applies to tlie garnet. Much remains to be done in tliis direction, 
especially with ionic crystals, and impurities, as usual, i)rol)ably 
jirovide a disturl)ing featui'e. Even in tlie older and simpler 
Bravais conception, and in dealing with simple structures, [lit- 
falls are plentiful (e.g., the metals gold, silver, and copper are 
all face-centered and should obey the sequence just described: 
111 > 100 > 110). But, whereas gold crystals are usually {111} 
irounded), silver consists of {100} and copper of {100} + {hkO}, 
often elongated. The variations of the habit of potassium per¬ 
manganate crystals also provide food for sjieculation. Tlicse 
crystals can be found with any of the following forms i)redomi- 
nating: {001}, {100}, {110}, {102}, {011}. Useful summaries of 
the ideas of Donnay and Harkcr are already aj^pearing in the 

more modern textbooks (e.g., Phillips (52)]. 

W'ells (53, 54), however, criticizes Donnay and Harkcr s 
theory on two main grounds. First, it has the drawback tliat, 
like all structural theories from Bravais to Niggli, Kossel, and 
Stranski, the interaction of liriuid and solid at the interface has 
not been accounted for, and, second, in choosing our definition 
of ‘^plane” when contemplating reticular densities, it can readily 
be shown that the idea of a single geometrical plane must gi\e 
way to a modified view in which some such single plane is con- 
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nected up with an adjacent parallel plane, the reticular density 
then having to refer to the sum of atoms in all such closely 
related planes. Thus Wells: “The criterion of absolute copla¬ 
narity is not applicable when estimating the relative stabilities 
of different faces of a crystal and there is no simple way of 
deciding which atoms should be counted as 'surface-atoms.’ ” 
As an example of this contribution of more than one plane of 
atoms to the effective reticular density, Wells quotes, among 
others, those of the diamond structure. In this arrangement, 
certain planes, like (110>, are clear-cut and, on a rigid interpre¬ 
tation of Donnay and Marker’s views, would be more heavily 
weighted than (111), in which a crystallographic plane of one 
set of atoms is (piickly followed by a parallel set below it. It is 
highly i)robable that these two planes should be taken as one, 
in which case the relative “weights” in the planes (111) and 
(110) would be as 4.62:2.86 instead of as 2.31:2.86. The former 
figure is more in keeping with the preponderance of {111} on 
(he diamond. In a similar way, (113) will be more imi)ortaut 
than {112}. Where planes consist of notclied surfaces |e.g., the 
set of triangular holes which constitutes the (111) surface of 
diamond I, it is difficult to decide how deep from the surface it 
is permitted to go for atoms which will count as contributing to 
the surface weighing; certainly it is apparent that the uppermost 
plane of atoms alone gives a false rendering. 

A fitting conclusion to this chapter will be a description of 
some views of Bunn. Although not based upon the mathe¬ 
matical techniques evoked by many protagonists in the present 
chapter, these views arc ably backed up by the photographic 
skill of Bunn’s colleague at I.C.I. Northwich, Cheshire, H. Emmett 
(55). The several cine-reels of crystals actually growing under 
a variety of conditions can only be described in the most superla¬ 
tive terms by those who have witnessed them. The growth of 
crystals, layer by layer, comes to life and emphasizes a remark¬ 
able feature (noted also by the present writer): the layers, far 
h'om beginning at corners or edges, only occasionally do so,' but 
in the vast majoiity of cases studied usually choose some point 
well inside the crystal face, and as a rule several waves can be 
seen one over the other proceeding rapidly along to the far 
confines of the face. Although very many molecules thick, it is 
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not unnatural to associate them with a similar growth on a still 
finer scale. If the units of growth are the molecular or ionic 
ty|)c, as Kossel, Stranski, and others imply, Bunn asks why 
these do not rapidly fill the face and growth proceed thereby. 
As it is, the layers oiiserved in the cine-films have varied between 
% and Vs micron (i.e., the thinnest ever observed would consist 
of from 300 to 500 atomic-scale layers). There is probably 
greater surface activity at a low (e.g., atomic) step than at a 
high one, and so molecular layers will quickly extend to the 
confines of the layer and cause its thickening. As the advancing 
edge of a step may be regarded as consisting of a succession of 
high-index planes, it is these surfaces where the growth is easiest, 
and the layer will thus continue. With regard to tlie high-index 
plane itself when exposed to the solution, deposition is more 
indiscriminate and may not be by layers. As growth slows 
down, however, high-index planes (vicinal, etc.) tend to become 
low-index planes. 

^^'hen a surface finds itself coated with low hkl planes, rather 
than vicinal planes, it finds it difficult to grow. In these circum¬ 
stances a recommencement may follow the lines of the Kossel 
or Stranski wiederholbare Schritt. Commenting on his own ob¬ 
servations regarding the layers starting from points inside the 
faces, Bunn quotes his own and Berg’s experiments which indi¬ 
cate that more crystal material arrives at the mid-portions of a 
face than elsewhere. Although tiiis migrates outwards, the con¬ 
ditions for starting a plane where most material is arriving seem 
reasonably simple (56). 
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Much controversy has been carried on in recent years about 
the nature and extent of the imperfections to be found in most 
crystals, and a tremendous amount of research work has been 

\ f 

undertaken, the results of whicii have been claimed by the 
various protagonists in support of their viewpoints. An interest¬ 
ing question emerges from all this (viz.: is it possible for a 
crystal to be perfect in the sense of its being a lattice continuum 
up to its various surfaces?). If so, is there any limiting size 
for such a crystal, beyond which deviations from the perfect 
occur with greater regularity the bigger the departure from this 
size? The discussions have rotated principally around the works 
of two men, A. Smekal in Germany and F. Zwickv in America. 
The former has actually admitted the possibility of theoretically 
perfect growth but has devoted his time to exploring the physical 
properties of crystals which have suffered from defects of a 
large variety. His conclusions are published in a large number 
of printed i)apers but particularly in a useful article of nearly 
130 i)ages in Geiger and Scheel’s Handhxich dev Physik (1). 
Zwicky (2) approached the subject from a theoretical point of 
view and came to the conclusion that there was, of necessity, a 
subdividing of the crystal into blocks of about 100 A.U. diam¬ 
eter—tlie so-called “Zwicky” cracks. Later he took the view that 
every nth plane was one of a lattice density differing from the 
others (3). These he called a secondary structure. Zwicky 
sought to show that this secondary structure was necessary 
because a crystal possessing it would be more stable thermo¬ 
dynamically than one without it—a contention which has aroused 

far more criticism than any other of his ideas, although there 
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arc generous limits to the size of structure (viz., from 100 to 

circumstances (4) they could degener¬ 
ate into the commonly accepted type of mosaic structure. An¬ 
other idea of his to account for mosaics was that of the “self- 
perpetuating dipoles” which would cause the ideal crystal to 
segregate itself into a multitude of blocks (5). Orowan (6), 
however, points out that this is the same model as is used for 
ferromagnetic crystals and cannot he universal. The capabilities 
of the secondary structure at times stretch beyond the bounds 
of belief |e.g., (4) . . due to the existence of the secondary 

structure which is suspended between the surfaces of a crystal 
like a spider’s web in an enclosure, we must expect that the 
different surfaces influence each other. This interaction will 
depend on the volume of the crystal.”] 

The pros and cons of these views have been ably fliscussed in 
a symposium startcfl by Professor P. Niggli of Zurich, then edi¬ 
tor of the Zeitschrijt fur Kristallographie (7l. The idea of a 
secondary structure permeating the lattice structure of a crystal 
has been strongly contested by Buerger (8) and, in a different 
periodical, (91 by Canfield. Bueiger, however, makes use of 
the idea of the surface crack, emi)hasized in the earlier papers 
of Zwicky, to develop his own idea on the “lineage” growth and 
structure of crystals (lOl. In his paper, he shows how the 
large proportion of all crystals examined have a kind of branched 
structure starting at a small, possibly perfect seed crystal lo¬ 
cated somewhere in the middle of the assemblage. From this, 
extensions in all directions have developed and, if thin at first, 
have usually filled in later to produce a solid crystal which is 
only a first approximation to a “perfect” crystal, as shown by 
the slight variations in angle of similar faces. Any plane cross 
section of such an assemblage would present a surface of the 
nature of the “mosaic” required by the X-ray investigators. 
Figure 82 (Buerger’s Fig. 61 shows the idea in a two-dimen¬ 
sional way, while Plate 20 (Buerger's Plate 2) gives a concrete 
example of a typical lineage. A nearly two-dimensional lineage 
spread is shown in Plates 18a and 186 (Chapter 6). jMilcs (11) 
in his study of the absorption of gum arabic and dextrin into 
growing lead chloride, bromide, and azide crystals is led to the 
conclusion that this occurs in the layers and grooves between 
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blocks in the crystal and that the blocks themselves appear to 
be connected together centrally in the manner of a lineage. 
There is no doubt that such types are widespread in nature and 
that they can frequently be detected in 
crystals which look (and behave) as al¬ 
most perfect in other respects. The major 
difficulty lies in an acceptable explanation 
of their formation. Zwicky started with 
the assumption that the 5% contraction 
calculated by Lennard-Jones and Aliss 
Dent (12) to obtain when a cube atom 
plane is torn from the rock-salt structure 
and removed to an infinite distance would 
also hold for the surface layer of a crys¬ 
tal. Hence there would be an inherent in- 
stal)ility which woulcl cause gaps or cracks to develop every thirty- 
odd ion units distance, apjiroximately (for rock salt) every 100 





im ^ ^ 



Fi(]. 82. Cross section 
of a lineage througli 
center. (Buerger.) 



Pl.\te 20. Galena lineage. (Buerger.) 


Angstrom units, Buerger, in his paper, accepts the idea but con¬ 
siders that cracks will have to be far more widely separated than 
Zwicky’s figure. For instance, the rest of the crystal lying below 
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it is certain to have a strong restraining influence on the at¬ 
tempted displacement of atoms in the surface layer, while depo¬ 
sition from a fairly dense medium, as in the case of a solution 
and particularly if from a melt, will also render the need for 
surface cracks much less urgent. Allowing for a considerably 
greater spacing between cracks, he thinks that they may be the 
reason for the starting and development of lineages. The con¬ 
dition for lineages will obtain for all crystals except those grow¬ 
ing from near-equilibrium conditions. Impurities incorporated 
in some form of solid solution may also jn-ovide distortion cen¬ 
ters from which deviations from the true lattice directions will 


start. 

The above juiper is, to tlie writer’s knowledge, the only one 
yet which sets out to explain this almost universal development 
of lineages in crystals in modern terms. But the ju’esent writer 
lias always been a little unsatisfied liy the explanation of tlie 
Zwicky cracks. The picture of a cube face of rock salt, sorted 
out into regions of nearly perfect deposition separated by cracks, 
is much easier to come by if we first imagine a completed sur¬ 
face of atoms followed by a contraction. However, it cannot 
really hapiien in this way but must occur during tlie actual de- 
position of the particles in the surface layer. A row of ions, 
a, b, c, (I, c, etc., is being deposited to form a rock-salt upper sur¬ 
face. According to Kossel, they will deposit in this se(|uencc. 
Figure 83 only represents the last few ions before tlie gap has 
grown sufliciently big to become a surface crack, as yet only 
one atom deep. The first problem is: what arc the energetics of 
deposition of atom /, the next across the gap? They will cer¬ 
tainly not be (/>' -j- <t>" + 4*'"^ usual value of the wiederholbare 
t^chritt. Granting that, even so, the / atom will be laid down in 
preference to the starting of a new row, yet there must be some 
slight interruption in the process—a further periodicity which 
would occur every thirty-odd atom depositions, according to the 
Zwicky theory, and would have to be brought into our scheme 
with the Kossel periodicity due tt) when a layer was com¬ 
pleted and, if Stranski’s views arc accepted, with the trcquency 
of formation of a two-dimensional seed in the crystal surface 
as well. This is far too complicated for an understandable theory 
of crystal growth but is not the only difficulty of the writer, an- 
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other being the following: Suppose that the ion layer below the 
depositing ions a, b, c, d, etc., is at just a critical size when cracks 
have not yet formed but are about to (i.e., when tlie next layer, 
containing the ions a, 6, c, d, e, etc., is laid down). Suppose that 
the gap occurs at e and must necessarily be an atom deep. The 
reason for the contraction, we are told, is that it is at the surface 
and the various interionic forces which would extend upwards 
when totally enclosed are expended on the surface atoms. Now, 



Fig. 83. Upper layer of rock-salt structure. 


when the layer containing a, 6, c, d, e, etc., is itself covered by a 
new layer, the need for contraction has practically vanished and 
the lattice should surely be resilient enough to close the one- 
atom gap at €-/, in which case the crack will have been dis¬ 
placed upwards and will still be in the crystal surface layer and 
still no more than one layer deep. 

It might be thought that this picture does not allow for a 
keying over of gaps during rapid deposition. But, unless Kos- 
sel’s method of deposition ceases to work at greater speeds of 
deposition, there should be no gap to bridge, for as ions are de¬ 
positing over a, b, c, etc., the distance of the latter ions from 
their correct positions should vanish so that when e is reached 
the gap should already be too small to admit of a spare ion. 

The problem of lineage formation is indeed a formidable one, 
but it is possible that there is no distinction between these and 
filled-in three-dimensional dendrites. Many artificial crystals 
prepared by the writer have quite frequently shown signs of hav- 
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ing, at some very early stage of their existence, developed as 
dendrites and subsequently been filled up by later and slower 
growth. If undisturbed, the later surface elements should be 
absolutely parallel to each other unless the composition of the 
solid is changing with deposition, but this is rarely the case. So 
many events can take place, and the dendrite link may be 
fragile in the extreme. Again, when mother liquor is included, 
strains may be set up which displace the limbs out of strict 
alignment with one another. In the last act of filling in, all 
extraneous material present at the beginning and not already in¬ 
cluded will be laid down at once and will constitute a separat¬ 
ing film between the various jiortions. Further discussion on 
dendrites will be held over to a later chapter. 

The foregoing workers have attemified to explain features and 
pro|)erties on the grown crystal rather than set forth anv elabo- 
rate theory of crystal growtli themselves. Further considei’atiou 
will therefore he devoted to other workers who have developed 
such theories, particularly those of Balarev and of Trauhe and 
von Behren. 


Balarev s Theory—A Crystal Is a “Colloidally Dispersed** Svsteni 

In advancing his views, Balarev has worked hard and long and 
has an enormous backing of published works. Many of these 
will be found to be enthusiastic repetitions of ideas stated in the 
earlier papers, with, perhaps, odd new information which he 
considers supports his theory or including the views or observa¬ 
tions of some other workers to supplement his own. The major 
|)roportion of his published works appear in the Kolloid-Beihejte 
of the nineteen-twenties and -thirties, and, as these have been 
translated from the Bulgarian into the German, some risk is 
involved that they may not do Balarev absolute justice. How¬ 
ever, they are remarkably self-consistent and agree in |)rinciple 
with other and later summaries such as the one published in the 
Zeitschrijt fur Kristallographie volume, “Ideal- und Realkris- 
talle” (7). In his contribution to the latter, Balarev cites one 
particular paper as giving suitable expression to his ideas (13). 
The title of this work (q.v.) is the same as many others in a 
connected series (viz., “Ul)er die innerc Adsorption in Kristall- 
salzen**). This and a later jiaper (14) present a good cross 
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section of Balarev’s ideas on crystal growth which will now be 
summarized. [A more recent account, much amplified, of Bala- 
rev*s views will be found in (151. The position does not seem 
to be materially altered therein.] 

The question is treated from a thermodynamical standpoint 
with surface tension as the important factor. As we have already 
seen, Gibbs showed that below certain dimensions surface ten¬ 
sion became an important factor in crystallization, but, con¬ 
versely, it could be neglected above these dimensions. All crys¬ 
tals upon which ordinary experiments can be carried out are 
above this size. Balarev evades this difficulty by assuming that 
the large crystals are colloidally dispersed systems of minute 
particles—accretions of smaller j^articles of ‘‘typically colloidal 
dimensions” and therefore susceptible to the play of surface- 
tension forces. Thus, in the work referred to {Kolloid-Beihefte, 
32 , p. 205), he states that it will be assumed that each face has 
a constant surface tension (Gibbs), that this is constant down 
to very small dimensions, and that below these dimensions the 
surface tension has a measurable influence over the stability (i.e., 
solubility) of the solid (Ostwald). The surface tension of the 
crystal increases in the region of colloidal dimensions. Balarev 
then seeks to modify Ostwald’s views on the relationship be¬ 
tween solubility and particle size. These Ostwald applied to 
a spherical form, and Balarev applies them by considering a 
minute cube as having a radius between r^, half the edge of the 
cube, and r-j, half the face diagonal. He then says that a cube 
ought to be regarded as consisting of a face, the large plane por¬ 
tion of which may be taken as part of a sphere of infinite radius, 
with edges and corners which are spheres of atomic radius. 
Hence, he says, it is self-evident that a cube, especially with 
homogeneous surfaces, cannot be in equilibrium with its mother 
liquor. The corner will be much more active in growth than the 
bulk of the face, and a new cube will begin to sprout at that and 
similar points. When these new cubes attain a certain size, the 
activity of the mid-parts of the surfaces will cease as surely as 
if they were coated with varnish and the sprouting of new cubes 
at other corners (spheres of atomic radius) will begin anew (in 
direct contradiction to the Kossel and Stranski view). Thus, on 
account of the enhanced surface tension of cube edges and cube 
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corners coniparctl with cube faces, the growth will proceed in the 
manner described until the crystal, no matter how l)ig, consists 
of a large accretion of these (Fig. 841, On dissolution, the 
“macro”-crystal will first break up into an enormous number of 
minute particles, wiiich will persist for a time l)efore finally dis¬ 
solving. It may be worth wliile, at this pt)int, to hark back to a 





“CorrK i ’ ‘irowth of a cuLo (Balarr\ ) ; 


nnich simplifird. 


subj(‘ct dealt with in Chapter 1 (viz., tlie connection between 
solubility and particle size). Hulett (16, 17) in 1904 found that 
the solul)ility of particles of small microscopic dimensions tends 
to increase. Hence, if there existed nothing but very small par¬ 
ticles in a solution of a given supersaturation, the increase in 
effective solubility due to smallness miglit cause the small par¬ 
ticles to rcdissolvc rather than to act as seed crystals. 


For instance, with jiarticles of 2 microns and over, gypsum has 


a saturation concentration of 15.33 millimoles per liter. If the 
[larticles arc only 0.3 micron in size, tlie saturation concentra¬ 
tion is 18.2 millimoles, an increase of about 12%, while the rather 
insoluble substance HgO has its solul)ility increased three-fold 
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with subdivision. Dundon and Mack (IS, 19), too, considered 
the problem and, while differing quantitatively from Hulett, they 
find an undoubted increase in solubility with the lesser j^articles. 
With gypsum, they find an increase in solubility of 4^r for jiar- 
ticles 0.5 micron in size, while with particles of 0.2 micron 


average, the increase in solubility amounts to 129^. Now this 
experimental evidence is all contrary to Balarev’s view that a 
small colloidal particle will persist when a ‘hnacro”-crystal is 
dissolving. Balarev then postulates that the large crystal ap¬ 


pears less soluble because it consists of a colloidally disperserl 
system, and that the apparent dissolving is due to the peptizing 


of this loose structure to form minute, ideally built particles, and 
that these have a solubility which is less than the apparent solu¬ 
bility of the large crystals because the latter is not really solu¬ 
bility at all but a breaking up. At much lower dimensions, there 
will set in an increase in solubility in the manner shown by 
Hulett and by Dundon and Mack, but not at the dimensions 
they give for it. Balarev cites evidence of his own (Kolloid- 
Beihejte, 1930, 30, 258) to substantiate this view. But his mo¬ 
saic, built in the manner he describes, is still a truly parallel 
affair and does not tell us the reason for one of the most impor¬ 
tant properties of a mosaic (viz., the slightly differing orienta¬ 
tions of the different parts, a property which has been dwelt 
upon by X-ray investigators in considering the “extinction” of 
a crystal face. And here, at the very beginning of our consid¬ 
eration of Balarev’s work, it seems necessary to point out one 
big fallacy in his treatment. Suppose that it be granted that, 
if a nibe be formed, up to its edges and corners, under his pre¬ 
scribed conditions of surface tension, it might be possible for 
further development to occur in the manner he suggests. Yet, 
wliy, when beginning from a seedling of perhaps approximately 
spherical shape (for a crystal does not need to grow by the lay¬ 
ing down of unit cells but much more probably does so by addi¬ 
tion of single atoms or ions) should the resultant crystal ever be 
a cube with sharp edges and corners? It seems much more 
likely that the edges of such a cube would be rounded, with a 
curvature, not of atomic dimensions, but of hundreds thereof. 
Thus, on the edge of a growing seed, there would be the possi¬ 
bility of several other lattice planes, such as (110), (111), (210), 
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etc. The surface tensions proper to such faces would be quite 
different from those obtaining in Balarev's picture. It would 
appear tliat his chief mistake is to be found here. When Gibbs 
treated the problem of the growing crystal, he allowed for the 
possibility of other surfaces, with differing surface energies modi¬ 
fying the edges of a given major form; Balarev does not do so. 
At all events, there seems little doubt that, if there were such a 
huge difference in surface activity at corners, edges, and sur¬ 
faces of a minute cube, the model on which he builds up his 
macro-crystal (i.e., the cube, complete to its edges and corners) 
could never realize its existence. 

Balarev’s attitude toward the thermodynamics of solubility is 
also a cpiestionable one. To what extent is it permissible to re- 
garrl a plane surface as possessing a radius of infinite length and 
at tlie same time to regard an atom, perched on a cube corner, 
as a sphere of very small radius. Such opinion as has been ex¬ 
pressed on this reasoning is unfavorable to Balarev [e.g.. Stran- 
ski (20) takes him to task about it], von Weimarn (211, too, 
considers that such a crystal, riddled with inner surfaces, would 
be less stable than the so-called ideal one. It would thus aj^j^car 
that Balarev's main model of the growing crystal rests on inse¬ 
cure foundations, and he himself is not too certain of the theo¬ 
retical ground for he is rej^eatedly citing the experimental work 
of himself and others to show that the ordinary crystal is, in 
practice, a mosaic. The next point of importance is, therefore, 
to run over his evidence and assess its importance or relevance 
to the theory. 

His own researches have been more physical-chemical in na¬ 
ture than crystallographic (i.e., his approach could have been 
made, in fact practically has been made, with a total disregard 
of the historical development and present position of crystallo¬ 
graphy). His practical work, too, has been almost wholly de¬ 
voted to what is, strictly speaking, colloid chemistry. Thus, 
most of his experimental data is concerned with the formation of 
practically insoluble or sparingly soluble precipitates, of which 
BaS 04 is a typical example. Most of these are so small as to 
require special microscopical manipulation before the individ¬ 
uals in the precipitates can be even seen. His published works 
include many sketches of individual particles of BaS 04 which, 
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SO far as can be seen, are slightly dendritic in character and, 
more rarely, appear to be tablets on {001} with (110} complet¬ 
ing the edges (i.e., a common habit of the large crystals of 
barytes). Balarev, however, does not describe anywhere the 
habit of his crystals, as though this were of secondary impor¬ 
tance in propounding a theory of crystal growth. His dendrites 
most probably abound in cracks and fissures and will include 
a good deal of mother liquor and such impurities as happen to 
be contained therein. Balarev has analyzed very many precipi¬ 
tates chemically and considers that the impurity is “adsorbed” 
on the inner surfaces of these cracks (i.e., his innere Adsorption). 
It is obvious that, in any filled-in dendritic growth, there will 
be spaces liable to contain mother liquor and impurity. Balarev 
goes further, however, for he states that on account of the min¬ 
ute dimensions of the constituent cubes (or other crystals) mak¬ 
ing up the “colloidally dispersed” crystal, each little crystal 
particle will only be approximately stoichiometrical in the rela¬ 
tions of its constituent atoms or ions, and this will increase the 
surface activity of these interior grooves. Thus it will not merely 
be inclusion of mother liquor, but actual adsorption of ions on 
the walls of the grooves. Balarev extends it from his crude pre¬ 
cipitates to large “macro”-crystals and claims that, however 
carefully, slowly, or uniformly prepared these are, there will be 
inner pores which will have adsorbed impurity. His evidence 
for this rests chiefly in his finding, by chemical analyses, traces 
of water. This he takes as having been “inner-adsorbed” on the 
surfaces of his crystal pores. As the quantity is sometimes very 
small [e.g., 0.02% is a value once mentioned (14, p. 190)], there 
is much doubt as to the value of this evidence in proving an 
otherwise excellent crystal (possibly a flawless portion of a good 
crystal) to be collodially dispersed. 

A further consequence of this departure from stoichiometrical 
ratios on account of small dimensions of particles is, according 
to Balarev (14, p. 204), that the outer as well as the inner sur¬ 
faces possess a glass-like (i.e., amorphous) structure. It is, of 
course, well known that Beilby (22) postulated an amorphous 
layer on a rubbed crystal surface, but it was the rubbing which 
caused the flow of the atoms from their “crystalline” positions. 
He also gave much experimental evidence in support of this view. 
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But here apparently there is advanced the view of a crystal that 
has possibly only just completed its growth and never been cold- 
worked in any way. being terminated by faces having a glassy 
structure. If this suj^position is taken in conjunction with 
Balarev’s description of crystal growth already mentioned, the 
process becomes even more astonishing. But he has still other 
ideas on growing crystals. In the same paper (14, Section 15), 
we find liim quoting with approval Traul^c’s idea of crystal 
growtii. Putting aside for one moment any thorough considera¬ 
tion of Traube’s views, we niav summarize them thus: The ervs- 

♦ ^ 


tal is a colloidally disi>ersed system of blocks which, in default 
of better descrijition, appear to be taken for granted as cubes 
in tiie case of cubic crystals and. in general, as the simple primi¬ 
tive figures. These, however, have a much lower solubility than 
the aggregate (all crystals being aggregates! and jiersist a niucii 
longei' time than the whole crystal. On growing, they form 
tliemselves into chains of bl{)eks like biicks j^laced sid(* by side 
(strings of i)earls is the exi)i’(‘ssion Ti'aube uses!, and form hair- 
like jiortions whiclt then join together to foi’iii the i)ig crystal, 
somewhat like timlx'r stacked parallel to foi'm a large mass of 
woodwork in a yaid. This is not the same model as Balarev's 
own. whei’e one cube sprouts out of the corner of anotlu'r cube 
when certain limiting dimensions are reached. Yet the Ti’auhe 
model is (pioted with appro\al thus: “on undercooling the melt, 
the newly formed crystal-seeds will grow ideally, layer by layer, 
up to the size of the subinicrons while the submicrons progress. 
Spninyjreise to a visible conglomerate.” The exjiression “con- 
glomei'ate” is a suitable one. as is another one much employed 
by Balarev, Traube, and the colloid school (^■iz., “aggregate”). 
It is veiy probable that the larger i)roportion of their serious 
work, in the crystal world, has l)een performofl on “aggregates,” 
or crystalline matter in the massive, and it is difficult to avoid 
the conclusion that, to them, well-formed good crystals arc al¬ 
most hearsay. In this section, dealing with theories of crystal 
growth, it is not possil)le to discuss at full length all Balarev s 
applications of his theories. 

But Stranski has criticized the thermodynamics of his basic 
theory, while Balarev himself has run counter to the work of 
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Kossel. Part of his criticism of Kossel is worth quoting {Kol- 
loid-Beihefte, 1933, 37, 209, lines 1-8): 

. With these six assumptions the theory of Kossel loses the char¬ 
acter of a theory of the growth of crystals and assumes much more that 
of a theoretical mathematical proof of certain results, based on the 
ideal crystal model for NaCl. And actually his theory is applied spe- 
cially to the growth of NaCl. But all experiments carried out so far 
on natural and artificial crystals show these to be built on a mosaic 
pattern. 

Thus the essence of the quotation is that KosseTs speculations 
are interesting but worthless, as they do not agree with the ex¬ 
perimental evidence. This is a laudable sentiment when always 
adhered to, but unfortunately, in other parts of his writings, 
Balarev stresses the view that, on theoretical grounds, all crys¬ 
tals must be mosaics (e.g., on his assumptions regarding the 
inhomogeneous nature of the surface energy of a crystal face 
during growth, etc.). So that, though it is permissible to assume 
a crystal to be a mosaic for theoretical purposes, we must not 
assume the contrary. The objections to Balarev’s theories, so 
far enumerated, rest mainly on the inconsistencies to be found 
in their different parts. However, it is quite possible that some 
of the experimental work to which Balarev frequently appeals 
is not too securely founded. In one instance, lead iodide, Pblu, 
is quoted as precipitating in flakes so thin that the individuals 
show Newton's scale of colors, but only certain of these colors 
(viz, green, blue, rose, and violet in reflected light and their com- 
plementaries in transmitted light) are observed, and these cor¬ 
respond to thicknesses of 300, 600, 900, and 1200 millimicrons. 
This he takes to support his “colloidally dispersed" theory, al¬ 
though he has only explained in detail how a dispersed system 
of small cubes could arise and not how these fit with lamellae 
of the type of Pbl 2 . In any case, when the writer repeated the 
experiment on several different occasions, he was much more 
fortunate in that he was able to observe practically all the grada¬ 
tions of Newton’s scale of colors, corresponding therefore to im¬ 
perceptible changes in the thickness of the lamellae. [There 
was no subjective hallucination about the latter observation since 
a goodly proportion of the colors could be seen side by side 
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in the same field of a low-power (20) microscope.] Alost of 
Balarev’s data are very probably more securely founded than 
the above example, but in nearly every case they suffer from the 
drawback that his explanation of the phenomenon is not the 
only and unique one. There is always another explanation 
handy, and the sum of it all leaves a very strong suspicion of 
“not-proven” behind. Among these experimental data, which 
do not appear to bear very intimately on crystal growth on his 
model, are those related to the drying of precipitates, the expul¬ 
sion of traces of water from crystal precipitates at high tem¬ 
peratures, the sintering of powders by heat or compression, the 
aging of crystal powders, the color changes in minerals, re¬ 
crystallization of metals, the role of water in the reaction kin¬ 
etics of CaCO;i-CaO, etc. To Balarev, it would appear self- 
evident that explanations of all these phenomena depend upon 
his colloidal theory. To others, it is far less evident, and the 
reader is invited to consult the original works for further satis¬ 
faction on the points at issue. 

The “Submicrons” of Traube and von Behren 

Traube’s ideas have already been touched upon. They are 
based on lines similar to Balarev’s, though he has not attempted 
to apply them so universally as the latter has. 

Essentially (23-25) there is a crystal unit (not the lattice 
cell, but thousands of times bigger) wliich Traube calls the 
“submicron.” This is less soluble than the large crystal, so that, 
when crystallization is reversed by a slight change in the equi¬ 
librium conditions, the macro-crystal (i.e., the ordinary crystal 
whose habit and properties we are studying) dissolves to all 
appearances, but this is really a breaking up into the millions 
of submicrons which, being less soluble than the macro-crystal, 
persist invisible in the solution or melt, unless the conditions arc 
still further removed from those of equilibrium. This is all 
very similar to Balarev. The increase in solubility of a sub¬ 
stance due to very small subdivision (an increase required theo¬ 
retically, be it noted) does not set in unless the particles arc 
considerably smaller than the submicron. As just mentioned, 
this also runs counter to the observations of Hulett and Dundon 
and Alack which point to particles of the size of a subinicron 
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being distinctly more soluble than the big crystal. On the other 
hand, Traube or Balarev might insist that even the small crystal 
particles of these workers consisted of submicrons of still less 
size and that the apparent greater solubility consisted only of 
the peptizing, so to speak, of the bigger crystals into the stable 
submicron distribution in the solution. Unless they can prove 
their contention, or others disprove it, we are ])resented with a 
vicious circle and are left to our own inclination or judgment. 
Common sense puts the onus on Traube and Balarev to substan¬ 
tiate their viewpoint with further evidence. Actually the in¬ 
crease in solubility begins at particle sizes greater than the sub¬ 
micron and progresses in a continuous manner to the highest 
values for really small ultramicroscopic particles. There does 
not appear to have been noted any sensational break in be¬ 
havior at some dimensions corresponding to a submicron. This 
tells rather against the submicron theory quite apart from the 
loose reasoning upon which it is founded. Balarev’s growth 
theory has been considered, but Traube’s is just as inconclusive. 
According to Traube, growth may proceed ideally up to colloidal 
dimensions and result in the formation of submicrons. These 
apparently are flying about in the solution after formation until, 
under some new stimulus, they join together in rows (Fig. 85), 
then the rows join to form layers, and finally the layers join up 
into the macro-crystal. The difficulty about it is to understand 
what this stimulus is which urges submicrons to join together. 
The old model is easy enough—particles are made to separate 
out on account of the withdrawal of mother liquor or heat, both 
bringing about an unstable state of affairs which is remedied 
only by the surplus particles (probably all in the first instance 
being those of lowest energy content) piling together under the 
appropriate forces to form a crystal. Later this crystal grows 
by the continuation of the same compelling influence. In this 
way, the formation of a big crystal is as easy to understand as 
a small one, though, as its life will be longer, it will be more 
liable to the vicissitudes of fortune (in the shape of changes in 
the mother liquor, loss or gain of heat in an uneven manner, 
sudden shock, etc.) and will therefore be less likely to be perfect 
all through its interior than would a minute crystal formed in 
one-thousandth part of the time. The same process will take 
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us up to the subuiicron of Traube, but, since Traube says that 
this represents the crystal at its least soluble (i.e., at its most 

stable) stage, what causes the subinicrons to unite further into 
the big crystal? 

Tliere are mechanical difficulties in the way of Traube’s in¬ 
terpretation of crystal growth, too. Ought we to suppose all 
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Fig. 85. Traube and von Bclircn's “.submirrons"; strp.s in the formation 
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rows of siibmicrons to bo of the same length? And, even if they 
were, which seems difficult to accept, wouhl they pile together 
exactly end to end? The likeliest arrangement of such rows 
would resemble stacks of timber of different lengths. The sides 
of such a crystal might appear smooth, but what about tlie 
ends? No terminal facets would be possible on such a model, 
unless the surpluses all broke off. The only alternative to such 
a piling together would be some sort of analogy witli Kossel’s 
u'iederholbare Schritt (q.v.), but with a submicron instead of an 
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ion as unit, and this would scarcely seem a mechanical probabil¬ 
ity. If we have to have a mosaic structure in a crystal it seems 
more likely that it will be due to some kind of suiierposition or 
grafting on to ideal “lattice" growth. Examples of this would 
be such as frequent chance interruptions of the growth i)rocess, 
creating pores or discontinuities in tlie structure; sudden dis¬ 
turbances, fracturing the parallel arms of dendrites in the early 
stages of growth; deposition of impurity on certain faces, mak¬ 
ing continued growth on these faces difficult; and so on. Some¬ 
thing might be said, in fact much has been said, for and against 
the view that every so often on the surface at perfectly regular 
intervals force field unevenness accumulates sufficiently to cause 
an interruption in the usual manner of laying down tiie atoms 
onto the already formed crystallite. Nothing definite has been 
proved experimentally except that the only growth i)rocess a 
crystal knows is ideal growth, but there are many ways in which 
it can be hustled off the path, so to speak, to produce a less-than- 
perfect crystal. Of all the possibilities, however, the views ex¬ 
pressed by Traube and the related views of Balarev seem the 
least likely to represent anything normal in the history of a 
crystal. This is not to say that aggregations of the type noted 
by these investigators never occur. They probably do and thus 
have provided them with data on which to speculate. But it is 
a far cry from a special kind of crystal aggregation to a real 
single crystal, grown under slow uniform conditions. 

Traube’s model has been shown to be so full of difficulties that 
it is scarcely necessary to add further to it. However, we may 
remark that his submicron-chain^layer—>solid crystal view 
seems only to include the possibility of the unit itself being 
pinacoidal, for, if, say, octahedral or bipyramidal units were 
used, they would not pack into space without leaving big holes 
which would lower the density considerably. But, if a sub¬ 
micron cannot have such an inconvenient shape as an octa¬ 
hedron, how ought we to imagine a visible octahedron built from 
cubic (i.e., pinacoidal) particles, not on an atomic but on a sub- 
micron scale? In fairness to Traube, it should be pointed out 
that he has prepared some excellent cine-films of dissolving crys¬ 
tals, and it is the interpretation of these that constitutes the 
most important evidence, for or against. Actually, the writer 
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(H.E.B.) was privileged to witness one of these films—run 
through twice—at the Royal Institution, London, by kind per¬ 
mission of the late Sir William Bragg, and was quite uncon¬ 
vinced by it. 

The field of view showed a large number of particles moving 
about in all directions, many showing Brownian movement, but 
were too small to indicate their outline. In addition, one could 
see the crystal, looming large at this magnification and fairly 
rapidly and continuously dissolving. But the connection be¬ 
tween the rapidly oscillating particles and the dissolving crystal 
was not obvious, nor was the concentration of these any greater 
in close proximity to the crystal surfaces, even momentarily as 
one ought to expect. The crystal became rounded, something 
after the shape of a sack of cement or the egg bag of a ray-type 
fish. It then quite continuously “collapsed” as though it were 
an inflated rubber bag whose wind was allowed to escape through 
a nozzle. There appeared to be no intimate causal relationship 
between this and the presence of the vibrating ultramicroscopic 
particles. Some of them may have been included in the crystal 
in adventitious pores or cracks. Whatever their nature, it would 
appear that too much has been built upon them. Many of 
Traube’s crystals were of the type of lead chloride, and it is 
well known that lead salts in solution readily leave traces on 
beakers, crystallizing dishes, etc. So, too, do chromates, di¬ 
chromates, selenates, other lead and barium salts, etc. The sub- 
microns, illuminated by the extraordinarily powerful beam of 
the ultramicroscope used, might easily have been of this nature. 
A milligram of tiny particles scattered through 100 cubic centi¬ 
meters of solution would provide myriads of such tiny particles. 
Hence it would appear that the practical evidence for Traube s 
theory, as for Balarev’s, is not nearly so convincing as the de¬ 


merits of the theory itself would require it to be. 

The ideas of Traube and von Behren have found further theo¬ 
retical support in two papers by Herlinger (26, 27). He starts 
with the assumption that one lattice defect will throw out a 
circular “fault field” which will affect (or infect) its neighbors 
in the lattice and induce further “secondary” lattice defects as 


soon as growth is continued. It is the distribution and the varia¬ 
tion in the probability of these secondary (tertiary, etc.) faults 
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during the actual growth that decide the habit of the crystals. 
The developed faces will have the greatest number per given area 
of surface, and the “real crystal” has the maximum defects 
allowed by the lattice structure, the “real crystal” being one of 
maximum allowable disorder, thus bringing it nearer into line 
with thermodynamical conceptions. There is nothing in this 
view which needs further discussion after what has been said 
about Balarev’s and Traube’s views except that, in these self- 
perpetuating faults and fault fields, there is a resemblance to 
the recently developed views of Frank (28). He has developed 
a theory of crystal growth which necessitates the perpetuation 
of imperfections—he calls them dislocations—for a crystal to 
grow at all. Hence, if a surface healed up its dislocations, it 
would cease to grow. While supporting the Brandes-Volmer- 
Stranski idea of a two-dimensional seed and therefore of a sec¬ 
ond critical supersaturation, he considers their theoretical value 
for the latter, during growth from a vapor, far too high (e.g., 
supersaturations of 50% before deposition should occur). He 
does not allow this to cast doubt on the whole conception of 
two-dimensional seeds but puts forward the view that the lat¬ 
ter is a very infrequent operation, since every surface possesses 
dislocations which lead to the inevitable presence of molecular 
“terraces” on which further growth is easy, even with supersatu¬ 
rations of under 1%. Only one such dislocation is necessary 
to allow uninterrupted growth to continue, and the presence of 
a large number in the same locality may actually be detrimental. 
Dislocations may be caused by the meeting of surface nuclei 
in twinned positions, curvature in the lattice due to impurities, 
and other events in the crystal’s history and environment. The 
theory is ingenious and will explain why certain faces grow* 
faster than others of a similar type or may even cease to grow 
in the presence of supersaturated solution (i.e., dislocations have 
been healed over, and the plane has not the requisite energy 
relationships to continue in their absence). But, so far, no fac¬ 
tual evidence has been found; in fact the surface-searching 
methods of Tolansky seem to point to a blank in this direction 
with the possible exception of the mineral beryl, while Bunn’s 
work points to continuous layer growth other than the spiral 
growth of Frank’s theory. 
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Another worker, Straumanis (29), has given the imperfection 
theories a mention when, in describing the laminated growth of 
metal crystals from the vapor state (e.g., cadmium), he first 
describes their growth in terms of Kossel, Stranski, and Volmer 
and then finds (or appears to find) a definite periodicity in the 
piling up of (0001) layers. The magnification is high, and such 
assertions of periodicity—at least down to the dimensions in 
question, 0.8 micron—are difficult to substantiate. At all events, 
periodic fluctuations in growth conditions are very common (in 
fact, often hard to avoid), and some such explanation may be 
at the back of Straumanis’ cadmium crystals. The fluctuations 
in crystal growth may give layers of the order of a millimeter, 
and, on the other hand, Kossel’s fluctuation—probably the only 
perfectly spaced one—of the order of an atom. At all events, 
the writer finds it difficult to draw inspiration from the three 
authors just named and from the Balarev-Traube school simul¬ 
taneously. 

Since these various theories were first propounded, a powerful 
weapon has been produced in the shape of the electron micro¬ 
scope, designed by E. F. Burton and his scholars at Toronto. 
The writer has not been specially privileged to see many of the 
high-magnification photographs of crystals but has already found 
one or two interesting examples. In the popular book, The 
Electron Microscope, by Burton and Kohl (30), there is a pho¬ 
tograph at 42,000 diameters of kaolin clay which shows the 
constituent particles as thin hexagonal flats. Many of these can 
be seen to possess sharp corners, and the sharpness of the edges 
limits any interruptions in these to dimensions below, say, 10 
millimicrons. On another page, AI 2 O 3 is shown at 44,000. The 
curved surfaces are seen to be made of a repetition of apparently 
straight steps of orders varying from 20 to 10 millimicrons. 
These may be far less in some cases, as the curves are at times 
continuous. The oscillatory repetition of faces is a well-known 
phenomenon on crystals of ordinary or microscopic size, and the 
above would appear to be no exception. It w'ould be no easy 
matter to explain the possibility of their being built up of several 
different sizes of submicron or block, and these of a size far 
below the usual conception of them (with the exception of 
Zwicky’s original 100 A.U.). See also the article by Prebus, 
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“The Electron Alicroscope,” in (31). The work of Traiihe and 
von Behren was apparently ft)restalled by Federov. as explained 
by Anschelcs (32, 331. Here, while “inoleeular” jn'owtli was 
allowed to take place durinjz slow development, tiie state of rapid 
tq-owth was far different and was viMialized as the formation of 
small crystal seeds in the neighborhooti of the growinii surfaci's 
and the subscciuent growth of the latter i)y the parallel attach¬ 
ment of the former. These were considere<l to be jtlate- or film¬ 
like in shape and readily lent themselves to the process. 



Pl.ATK 21. 


Coarse (Iciidnlc of KClOi jjrowii 


floatinjr on surface*. 


Attemf)ts were also made to explain vicinal face’s and other 
surface features in terms of this picture, so that it is perhaps 
worth while at this stage to ascertain what information there’ 
is relating to the possibility of comparatively large crvstals 
joining up securely in this fashion. 

In the first place, there seems no doubt that, given faA'orable 
conditions, two parallel-idaced crystals may join together bv 
growth. The writer has from time to time found crystal speci¬ 
mens, consisting of parallel and nearly parallel needles roughly 
grown together, and which api)eared to have got together float¬ 
ing on the surface and been pulled into a rough parallelism by 

resemblance to the better- 
built parallel-limbed dendrites (Plate 21 1 . In smoke clouds 
caused by electric sjiarking between such electrodes as zinc and 
cadmium, whereby the oxides are formed as fine particles, many 
of the larger particles were found hy Wahnslev (34) to consist 
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of groups of smaller cube particles joined on their {110} faces 
(i.e., by edge to edge). Walmsley deduced this from the angles 



Plate 22. Potash alum, grown in tho pro.^onco of Orange 2 (C'olour Index 
No. 151), possibly by accretion of fairly big unit cubes (width of specinien 

inch). X8. 

between different limbs of the composite figures, but there is a 
certain amount of verification in an electron-microscope photo¬ 
graph (301 of an oxide smoke which shows many cubes cemented 
together by their edges anrl a certain number by their corners. 
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The phlogopite type of mica synthesized by modern methods 
has been shown by Tolansky and Miss jMorris (35, 36) to con¬ 
sist of a nearly parallel assemblage of leaflets, in contrast to the 
purer types of natural muscovite which appeared to be strictly 
parallel. It is highly probable that the synthesized mica was 
made to appear in a huge number of seeds simultaneously, and 
these were orientated approximately parallel by tlie magnetic flux 
and had no difficulty in joining up 
into a single crystal in which the 
slight lack of parallelism still re¬ 
mained. Again, Plate 22 shows pot¬ 
ash alum as aggregates of tiny cubes, 
grown in the presence of Orange II 
(Colour Index No. 151). 

^lore definite evidence in this di¬ 
rection is provided in an experiment 
by Marianna Schaskolsky and A. 

Schubnikov (37). Large crystals of 
potash alum were grown (one of 
cubic habit) and placed in a bottle 
fastened as shown in Fig. 86 with a 
large (111) or (100) surface sus¬ 
pended (rigidly) horizontal and fac¬ 
ing downwards. A large number of 
small uniform seeds about Va niilli- 
raeter in diameter were then intro¬ 
duced to the slightly supersaturated solution and allowed, first of 
all, to settle on the bottom. The bottle was inverted, and a large 
cloud of small crystals descended on the waiting (111) or (100) 
surface. They settled on this and were allowed to wait a few mo¬ 
ments before being thrown off by agitation of the solution. It 
was then found that a number of crystals had adhered to the sur¬ 
face and become one with the big ciystal. These were all in 
parallel or twinned position (spinel law). In all, 1417 small crys¬ 
tals adhered to 120 large alum faces as follows: 1137 were (111) 
to (111), of which 417 were strictly parallel and 142 in strictly 
twinned position, the remainder being not so strictly parallel. 
There were 113 examples of (111) uniting to a (100) face by the 
common [110] edge. It seems from these experiments that crys- 



rangement for giowth of 
small alum cr>’stals on a large 

surface. 
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tals of a substantial size, though not of any quality, can be built 
up by this crude growing together of relatively large units. 
Strictly, these are parallel growths of a substance on another 
crystal of its own composition. We can see evidence of this 
in lots of cases, but that seems no reason why the process 
should be accepted as the correct method of growth for all 
occasions. 

Experiments of Kolthoff (38) point to the possibility of crys¬ 
tals grown by rapid precipitation having what he calls active 
surfaces (i.e., corners and edges out of all proportion to the size 
of the units considered as perfect). This is shown by the ad¬ 
sorption of Ag or I ions on precipitated Agl. Slow precipitation 
ajipears to produce crystals whose proportion of edges and cor¬ 
ners is not much greater than calculable from the perfect fig¬ 
ures. Still closer to the other end of the scale, examples are not 
wanting of crystals which have grown (or been prepared), so 
that parts, at least, of them are far more perfect than if they had 
been built up of blocks of the submicron type or of any required 
by X-ray theory. Examples of these were published by the 
writer in 1934 (39, and especially 40). By means of various 
impurities, substances such as potassium sulphate, chromate, 
dicliromate, tartrate, and ammonium sulphate (and a number 
of natural crystals such as barytes) have been developed by 
growth alone as plane-parallel plates. When they are placed on 
a rotating spindle, such as the axis of a goniometer, illuminated 
by a large monochromatic source without collimator and viewed 
by a telescope set at infinity, the field of the telescope is covered 
by a set of parallel fringes which are closer spaced for thicker 
plates and which remain unaltered as the crystal plate is rotated 
about its own normal (i.e., they are not due to any wedge effect). 
The conditions, in fact, seem identically those for the produc¬ 
tion of Haidinger fringes (e.g.. Physical OytieSf Wood, 3rd ed., 
1940, pp. 207-208). Plate 23 shows the lines derived from a 
grown {010} plate of K 2 Cr 04 using A = 546 millimicrons. A 
small plate of optical fluorspar obtained after great patience by 
cleavage gave the lines shown in Plate 24. The lines produced 
by the mercury resonance line of A = 253.6 millimicrons are in¬ 
teresting since they set a far lower limit to any possible surface 
deviations than can wavelengths in the visible spectrum. Of 
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even greater significance in this direction are the lines shown in 
Plate 25. These were produced by the aforesaid cleavage of 



Plate 23. Haidingcr fringes from a fjrou'n (010) plate of K 2 CrOi; X = olC 

millimicrons. 


fluorspar which also possessed an end cleavage at 2S' to 

the sides (i.e., tilted at 19° 28' from a position at right angles 
to both i)lates). When the position of reflection giving the 



Pl.^te 24. Haidingcr fringes from a cleavage of fluorite; X ^ 546, 436. and 

253 millimicrons. (Buckler.) 

Haidinger fringes of Plate 24 is shifted so that the length of 
the latter is pointing roughly toward the telescope, the tilted 
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end face can be seen illuminated when the telescope is focused 
on the crystal but, when focused to infinity, lines shown in 
Plate 25 are found emerging at more or less grazing incidence 
from the plate surface, on either side. They appear to be iden¬ 
tical in character with those of Lummer and Gehrcke (Physical 
Optics, Wood, 3rd ed., 1940, pp. 317 et seq.) In some way, the 
tilted end cleavage plays the part of the prism cemented to the 



Plate: 25. Lummer and Gehrcke fringes from the fluorite section in Plate 

24; \ = 546 millimicrons. (Buckley.) 

end of the plate in the instrument quoted. For such an arrange¬ 
ment of multiple reflections, the crystal, in this case the surfaces 
being provided by cleavage, must be wonderfully homogeneous. 

After the publication of these results, the writer found that a 
prism (on {110}, (iTO) and {010} of boric acid, capped by 
{001}, which is somewhat similarly tilted, could be mounted on 
the goniometer to produce the Lummer and Gehrcke type of 
fringes, in this case from grown and unmanipulated surfaces. 

The subject of mosaic crystals has also been referred to by 
Cinnamon and Martin (41), who describe the production of long 
(5 to 60 centimeters) single-crystal bars of zinc by the Kapitza 
method (Chapter 2). Of 81 specimens, all about 1 square centi¬ 
meter in cross section, 39 started growing in the main groove of 
the mold as good single crystals, while the other 42 were opti¬ 
cally mosaic throughout their length. Of the 39 single (i.e., 
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“ideal’') crystals, 4 suffered an abrupt change in orientation but 
remained “ideal,” 4 others continued throughout in “ideal” 
fashion, while the remaining 31 changed to various tyi)es of 
mosaic. It is evident that, though it is far easier to produce 
mosaic or lineage types of single crystal, even when careful con¬ 
trol is exercised over the growth conditions, a certain number of 
ideal crystals can be formed. In the writer’s crystals, the “ideal” 
crystal was usually a portion of a larger one. Often it might 
consist of the bulk of the crystal with the end or ends obviously 
imperfect. Sometimes with small crystals of, say, 1 to 2 milli¬ 
meters the whole crystal would appear equally perfect. 

Yet another viewpoint is advanced by Tuttie and Twenhofel 
(42) as a result of their observations on the growth of lithium 
sulphate monohydrate crystals. They find that crystals grown 
at ordinary, or slightly elevated, temperatures are composed of 
obvious lineages, with cracks and grooves running throughout 
them, but these are absent in crystals grown at 94°C. They con¬ 
sider that the increased thermal agitation of the component 
atoms at the higher temperature enables them to take up more 
correctly their symmetry positions in the crystal structure. 

Another example of the near perfection possible in crystals is 
afforded by the constancy of angles yielded by some crystals. 
One such is given by Negri (43). Measurements were performed 
on about 100 crystals of carborundum, and similar angles grouped 
together. The habit of these was usually tabular on llllj with 
|511), 1221), 111.1.1), 1775), and 1211) invariably present and 
a number of others quite frequent. He takes for his fundamental 
angle (111)~(100) [equal also to (122)-(111)]. Averaging 164 
angles he gets a value of 54° 46' 37". The 164 angles are made 
up as follows: 113 angles with average limits of deviation of 2' 21", 
48 angles within 0' 54", and 3 within 0' 35". Having then calcu¬ 
lated theoretical values for all other angles, he compares them 
with the observed ones with the following results: minimum varia¬ 
tion is 1" for (111)-(211), maximum is 54" for (lll)-(773) with 
an average difference for 23 different kinds of angle of 0' 13". 
Carborundum would appear to be a reasonably perfect crystal 
from these data. The writer (39) more recently did a similar, 
but shorter, piece of work, using spinel, carborundum, and ferrous 
sulphate crystals. In these, the deviations were from an average 
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value and were as follows: spinel 0.9', carborundum 1.9', ferrous 
sulphate heptahydrate 2.6'. These, too, are better crystals than is 
generally allowed for. 

Quite recently, a view has been put forward by Addink (44) 
which would appear to explain part or all of the difficulties 
brought about by the “mosaic” type of reflection of an X-ray 
beam, so far the strongest pillar in the mosaic theory. He points 
out that not only mosaics but also holes in a lattice or ions at 
interstitial places will contribute to make a crystal “imperfect.” 
Addink calls a crystal with these flaws “incomplete” and works 
out a set of degrees of “incompleteness” for a number of crystals. 
In percentage figures, they are: diamond, 0.00; alkali chlorides 
from aqueous solutions, 0.001; quartz, 0.002; calcite, 0.004; 
selenium, 0.012; alkali chlorides from melts (e.g., by the Kyro- 
poulos method), 0.016; red PbO, 0.042; tin, 0.054; various metals, 
0.059; and yellow PbO, 0.153. It is interesting to observe that 
his alkali halides from aqueous solution contain less lattice de¬ 
fects than those from the melt. 
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Crystallization from Melts 

It is not proposed in the present chapter to give information 
or to present materials which could relieve the student of metal¬ 
lurgy or geology of the need for consulting the many excellent 
treatises on their respective subjects (1). Much of the present 
chapter has been w'ritten after consultation with a number of 
these standard works on petrology and metallography, and the 
serious investigator along either of these lines will find the in¬ 
formation here too scanty to be of any value to him. With this 
restriction, many of the facts associated with these lines of 
investigation fall into line with more general research observa¬ 
tions, and it is felt that an integration for the benefit of the 
general reader would not be out of place. Between them, the 
operations studied by petrographers and metallographers com¬ 
prise the vast proportion of all crystallizations from the melt, 
but the conditions which obtain in the two fields are almost as 
far apart as it is possible for them to be, and they will be treated 

separately. 

Let us now see how far the formation of minerals is in accord¬ 
ance with our knowledge of crystal growth and supported by 
modern research on fusible substances. 

The materials of the petrographer are ready-made in nature s 
laboratories, and the crystals in the rocks and rock masses pre¬ 
sent a bewildering variety of form, size, color, transparency, and 
purity. The study of these natural products has, until recently, 
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far outstripped efforts to manufacture many of the same types 
of crystal under controlled conditions. 

This, indeed, is one of the greatest of all differences l)etwcen 
the raw materials of the petrographer and those of the metal¬ 
lographer, for the latter deals with substances over which the 
maximum possible control is exercised and where low jn-essures 
suffice. It is well known that the chemical composition of rocks 
presents great variety, with every clement present in one place 
or another but that the igneous rocks themselves can be roughly 
classified according to their silica and base content, stretching 
from the granitoid, with excess of silica, through the syenites, 
diorities, and gabbros to the basic peridotites. 

The original, or fundamental, magma is probably one of inter¬ 
mediate composition, but, as the peridotic types of crystal sepa¬ 
rate first (olivine, etc.) and fall like a slow rain to the lower 
parts of the crystallizing chamber on account of their excessive 
density, the tendency will be for the residue to become more 
acidic in character. The falling basic crystals probai)ly react 
with the lower strata of magma too. Earth movements which 
alter the pressure or even squeeze out residual liquid may uj^set 
the average scheme and result in a large variety of deviations 
from the average results of such reactions. There is an overall 
tendency to supercooling, although this is distinctly more pro¬ 
nounced in acid rocks. The size of the magmatic chamber—the 
equivalent of the laboratory crystallizing vessel—is variable but 
in the smallest case is infinitely larger than anything produced 
artificially. The magma may be in a chamber far underground, 
many thousands of meters across, or, on the other hand, it may 
on its way to the surface be forced into shafts only a few meters 
wide. The temperature of formation, well below ground, is not 
now considered to exceed 750° to 900°C, and on the way to the 
surface the sides of the shaft may be nearly cold or may have 
had a previous warming by an earlier intrusion and not have 
had time to cool off. Hence the fused rocks may have met with 
widely differing rates of cooling, and it is generally conceded 
that where there is rapid cooling, as with the magma in contact 
with the cool sides of a shaft or with surface flowing magma 
(lava), glassy materials are formed, the material probably being 
viscous and rapid chilling bringing the melt to a highly super- 
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cooled condition where seed formation is practically nil, after 
the manner of Tammann’s experiments with organic substances 
(Chapter 1). Since the heat conduction of even a few inches 
of solid glassy rock is very small, the inner portions of such a 
shaft will experience a far slower rate of cooling, and supercool¬ 
ing will not proceed so far as to prevent the formation of crystals. 

Inside the bulk of a huge mass of magma, possibly miles across 
and well surrounded by thick walls of solid rock, cooling may be 
going on over many thousands of years. 

According to the Miers view on supercooling, the material 
would have to pass from the metastable to the labile condition 
with regard to some constituent before crystallization could take 
place, but there is nothing in undisturbed conditions to prevent 
this happening; cooling would take perhaps some hundreds of 
years longer before crystallization began, but the result, over 
the period of geological time, would be much the same. Many 
acciflents could happen to the magma during this time. Earth 
movements might cause a variation of conditions. Since most 
minerals are denser in the solid than in the fused state, pressure 
increase would tend to solidify the magma, while pressure re¬ 
lease would tend to remelt any magma which had already solidi¬ 
fied. As an upward movement is the likelier, no release of a 
metastable melt could be expected in this way. However, in 
contradistinction to laboratory conditions, magmas are always 
surrounded by, and contained in, walls which are possible seeds 
for starting up crystallization, and, should any portions become 
detached and penetrate the bulk of the magma (especially from 
the overhead surface of the chamber), seeds would be formed 
locally. Any substantial upward movement would be accom¬ 
panied by a cooling and, if this were at a rate to enable the 
contrary effect of the release of pressure to be exceeded, would 
cause the separation of the first seeds. 

The phase relations of the various minerals of which rocks 
are composed have been studied in detail and are to be found 
in the textbooks. The older view made use of the eutectic prin¬ 
ciple of the phase diagram. As a rule, the rock is not of a 
eutectic composition, so that, as crystallization begins, it should 
be the seeds of the component in excess of the eutectic compo¬ 
sition which separate first, and these might grow to sizable di- 
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mensions (phenocrysts) before the eutectic “ground mass” solid¬ 
ifies. Such a rock structure, witii large well-formed crystals 
embedded in a eutectic texture, was considered to be exempli¬ 
fied in the various porphyries. 

Where cooling has been exceptionally slow, the crystals of the 
ground mass might not lag far behind the phenocrysts in size, 
though they would not be so perfectly developed, one kind hav¬ 
ing interfered with the spatial development of the other. This 
is all in accordance with what we know from the simpler condi¬ 
tions in laboratory experiments. Again, the magma containing 
the phenocrysts could experience a sudden and j'n'olonged \ip- 
thrust, with considerable reduction in pressure which woukl then 
overcome the crystallizing tendency due to cooling. The effect 
would lag behind the solvent effect of the former and result in a 
rounding of the sharp edges and corners of the phenocrysts. 
Apart from this, it seems unlikely that pressure as such has much 
influence on the habit and development of the crystals. 

The substances in the magma, again, do not separate in the 
strict order of their melting points in the pure state, an effect 
due to their being mutually dissolved in each other. In fact, 
the temperature considered to be prevailing a few thousand 
meters down from the earth’s surface (viz., 750° to 900°C) is 
considerably below the melting point of a large proiK)rtion of 
the “pure” compounds. All are got into solution without diffi¬ 
culty, however, at these temperatures, a further influence in this 
direction being the presence of water and other gases, which not 
only lower the temperatures at which mixtures of various com¬ 
ponents melt but also help the latter to assume the crystalline 
state far more readily—a reason they are referred to as “mineral¬ 
izers” [e.g., Morey (2) states that a 0.1% proportion of water 
will reduce the melting point of anorthite by 5°C]. 

The solidified magma is not able to hold as much gaseous 
material as the liquid, so that, as crystallization proceeds, more 
and more gas is evolved until the remaining magma is to such 
an extent saturated with the gas that, when the latter is water 
vapor, the result may be regarded somewhat like a superheated 
aqueous solution. 

Recently Bowen has pointed out that the relations between 
the various members of the rock-forming minerals are those of 
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solid solutions, so that simple phase relationships such as the 
eutectic have far less significance. Owing to the separation of 
the heavier components of the original magma by gravity, some¬ 
times by other factors such as earth movements and gas evolu¬ 
tion, variety in the subsequent ends products are insured as the 
magma cools. Bowen insists that there is a continuous reaction 
between the crystals present at a given instant and the surround¬ 
ing magma so that they are both constantly changing in com¬ 
position (e.g., olivine may separate out first and then at another 
temperature react with the magma to form pyroxene). He cites 
numerous examples but these are better read in their own petro- 
paphical context. Desch (3, pp. 449^73) has found difficulty 
in the manner in which the reaction can occur. He has been 
unable to find any good evidence for true diffusion in solids 
(other than the well-known metallurgical examples) such as is 
necessary for any intimate action between the inner parts of 
crystals and the surrounding magma. Even some of the simpler 
alloys often show no sign of diffusion over the longest possible 
periods of human time, as shown by Weiss (3, p. 476) when he 
examined an implement of CuAs, over 3000 years old, from 
ancient Greece, and found no trace of diffusion of the atoms 
in that length of time. Again Bowen (3, p. 478) states that 
undercooling must be regarded as an unimportant consideration 
in the fundamental problem of rocks because rock series come 
into being only where colossal masses of magma have been sub¬ 
jected to cooling at a rate which precludes undercooling. 

It is not easy to visualize a rate of cooling which will lead to 
this result if the material itself has any predisposition to under¬ 
cooling, though, in the case of crystallizing magmas, the longer 
the time taken the greater is the probability of outside events 
interfering to produce crystal seeds which would then relieve the 
undercooling. In the cited work (3, p. 476), Hallimond says 
what must be widely known to all petrographers: “Not merely 
the walls of the cavity but also the chilled margins of the magma 
afford an abundant source of nuclei, which will become dissemi¬ 
nated by convection throughout the melt. The natural condi¬ 
tions are inimical to any serious degree of supercooling.” Again, 
in answer to Desch^s analogy between graphic structures (eutec- 
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tics, eutectoids, etc., in alloys and silicates), Halliinond con¬ 
tinues (3, p. 490); 

One of the most characteristic is that termed “graphic" in which 
simultaneous crystallisation has resulted in interlocked or fretted out- 
lines. The term “eutectic" has often been applied to this striicture, 
especially by metallographers, since, in binary systems, it is character¬ 
istic of mixtures of minimum freezing point from which alone the con¬ 
tinuous deposition of both phases can occur. The name, however, is 
properly applied to such mixtures and not to their structures which 
only become graphic under certain conditions more frequently at¬ 
tained with metallic melts than with silicates. In ternary systems, the 
binary eutectics vary continuously in composition and no longer freeze 
at constant temperature but they may still, in favourable circumstances 
assume the graphic structure and it is necessary to guard against the 
assumption that graphic areas are the last to freeze. In pegmatites, 
for example, a non-graphic residue may well occur. 

A recent review of the position by Buerger (4) makes Bowen’s 
theory far more understandable and probable. In discussing the 
role of temperature in order-disorder transformations, he lays 
stress on the high value of diffusivity of the smaller atoms in 
the solid silicates. It is unnecessary to think of the transport 
by diffusion of such groups as SiO^ or Al _>03 through a structure, 
but rather that the oxygen atoms remain more or less localized 
while the Al, Si, and other small atoms can move easily by dif¬ 
fusion from position to position, even in the solid. It is obvious, 
therefore, that with such a picture no difficulty about the reaction 
between solid and magma need arise. 

It will be seen that, concerning the topics briefly discussed 
here, there is not yet unanimity among the best-informed re¬ 
searchers as to their correct significance. The writer is far too 
ill-equipped just about here to offer advice as to the acceptance 
of this view or that but sees no reason why a reasonable use of 
the chain of events of crystallization in the laboratory should 
not be made in the more complicated separations which occur 
in nature, especially if due humility of approach be observed. 

The main features of growth in igneous magmas appear to be: 

(1) The varied chemical composition occasioned by the sepa¬ 
ration of substances in solid solution, sinking of heavier crystals 
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out of range of the remaining magma, escape of water and gases, 
etc. 

(2) The relatively enormous bulks of material, even in the 
smallest examples, compared with the masses used in the biggest 
artificial experiments (fusion of glass, metals, etc.). 

(3) The increased viscosity when compared with aqueous, 
alcoholic, and other solutions. The extremely high viscosities 
once assumed for molten magmas are now only considered to 
pertain toward the end of crystallization. 

(4) Nullification, in part, of the viscosity by the high diffusi- 
bility of the smaller cations such as A1 and Si which would allow 
reaction between liquid and solid and between solid and solid. 

(5) The great variety of size and shape of the crystallizing 
“containers.” 

(6) The relatively high pressures and temperatures involved. 
These, especially the temperatures, may not be so high (say 
700° to 900°C) as once supposed and are exceeded in many 
laboratory and metallurgical fusions. 

(7) The length of time taken in the solidification during which 
geological disturbances of any kind can interfere with uniform 
crystallization. 

( 8 ) The part played by water, B 2 O 3 , and other “mineralizers” 
in bringing the reaction temperature down to laboratory levels. 

Experiments on the temperature at the phase-boundary crys¬ 
tal melt have been carried out and numerous surmises made. 
Tammann, in his States of Aggregation, quotes the melting point 
of a substance as that temperature at which, under ordinary 
external pressure (about 1 kilogram per square centimeter), the 
crystal of a chemical substance is in equilibrium with its melt. 
This point, so important in practice, differs from the triple point 
(e.g., it normally lies a little above the latter, though with bis¬ 
muth and water (the latter = 0.0086°C) it is below it. A com¬ 
mon practice in determining the melting point is to introduce a 
few crystal grains or chips into a narrow tube fastened to a 
thermometer and slowly increase the temperature. Alterna¬ 
tively, the grains may be first melted and then solidified before 

reheating for the melting point. 
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This method is more satisfactory than cooling, since in the 
latter procedure the phenomenon of supercooling is so prevalent. 
Tammann says: 

If undercooling takes place, the cooling curve will first sink below the 
temperature of the melting point and when crystallization begins will 
rise to this temperature and remain there for a time. To have this 
occur, the crystallisation velocity must not be too small nor the velocity 
of cooling too great. If the maximum linear crystallization velocity 
sinks below 3-4 mm per minute, the velocity of heat development will 
be insufficient under a normal velocity of cooling to raise the tempera¬ 
ture to that of the melting point and instead of a temperature-horizon¬ 
tal, a temperature-maximum will be formed, the temperature of which 
will always lie below that of the melting point. If the linear crystal¬ 
lization velocity at the melting point be especially small, e.g. below 
2 mm per minute, it is possible that a retardation of the velocity of 
cooling as a result of crystallisation may not occur. The determina¬ 
tion of true equilibrium temperature by the use of heating anti cooling 
curves is impossible and other methods are selected in preference. 

It has recentlv been claimed that the mechanism of fusion 
was essentially crystallization in reverse and that it ordinarily 
begins at a temperature slightly below the true melting point 
around particles of impurity in contact with the crystal surface. 
Fusion, according to the authors Volmer and Schmidt (5), should 
begin around certain points, and the further process is rather 
to be regarded as a solution of the remaining crystal in the melt 
so formed. Localities to go first would be such as contained 
particles of impurity, inclusions, or empty holes in the lattice 
structure. Portions waiting to melt could be superheated to 
some extent. They find evidence of this in carefull}’’ purified 
gallium and with cooled mercury. They summarize their views 
in a final paragraph which states that it is theoretically and 
practically impossible to heat a real homopolar crystal to its 
melting point without traces of melting occurring here and there 
beforehand; also that, with ideally perfect crystals, some over¬ 
heating should be possible. This, of course, further complicates 
a problem already bristling with “snags.” What with “melting 
points,” which are not solidifying points owing to supercooling, 
and now points at which melting begins but which are not quite 
up to the true melting point, the whole conception appears in 
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danger of getting out of hand and would seem to need a com¬ 
mittee to sit on it. In the writer^s mind, supercooling has far 
more sanction in the support of the practical experience of almost 
all workers, though Volmer and Schmidt's evidence should not 
be ignored. Tammann’s view is of interest here. In his States 
of Aggregation (p, 281), he says: 

. . . the number of crystallisation centres in a unit of volume in an 
undercooled liquid is extremely small in comparison with the number 
of points at which melting begins for melting takes place on the surface 
of a crystal in a uniform manner, not at visibly distinct points, corre¬ 
sponding to centres of crystallisation. The tendency to crystallise, of 
course, is much slighter than the tendency to melt because it is neces¬ 
sarily easier to complete the transition from an ordered to an un¬ 
ordered arrangement than the reverse transition. 

The temperature prevailing aT a crystal surface during growth 
is also discussed by Nacken (6), who concludes that this is 
always somewhat below the true melting point, but that faces 
which are pushing forward the most rapidly will approach the 
temperature most closely. This standpoint was also supported 
on theoretical grounds and by practical experiments described 
by Pollatschek (7). It would seem, therefore, that the cooling 
curve is a dubious means of ascertaining anything other than an 
approximate value of the melting point of a substance. 

Tammann, in all his works and writings, has used the term 

“linear crystallization velocity” frequently, and it would perhaps 
be advisable to examine the expression more closely. The sub¬ 
ject of “velocities of growth” {Kristallisationsgeschwindigkeiten, 

or K.G.) has been dealt with in Chapter 4. If this picture of 
the relationship of a growing crystal, which presents many sur¬ 
faces and possible (virtual) surfaces to the surrounding medium, 
is accepted, then the directions in which the growing crystal 
extends most rapidly outwards will not be normal to plane sur¬ 
faces but will be edges or comers between two or more of such 
surfaces. If a crystal is square in outline, the diagonals of the 
square will be directions of greater linear velocity than the face- 
or edge-normals. In a lozenge-shaped crystal (say, with rhom¬ 
bus for outline), the greater diagonal of the rhombus will be 
the direction of greatest linear crystallization velocity. Sup- 
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pose, now, that we have a slightly supercooled melt in a tube 
and begin to cool it at one end still further until crystallization 
begins. At first it is highly probable that several seed crystals 
will be formed simultaneously and the conditions for each to 
extend will be alike. Later on, the conditions can be regulated 
so that the crystals with a favorable orientation will grow and 
smother out the less favorably situated ones. Gross and Aloller 
(81 have discussed these conditions at some length. Figure 87 
shows that, if we assume crystals to continue to grow with cer¬ 
tain unequal rates in the different directions, it is purely a matter 


a 



(maximum and minimum velocities in the diagram are as \/3:l as in a cube 

or octahedron). 

of geometry for the seed whose greatest speed of growth is 
parallel to the axis of the confining tube to overhaul and restrict 
the space left for the other seeds until finally there is no room 
left for them to grow in. In the figure, the space on the side 
of the crystals which is occupied by the melt ready to crystallize 
is arbitrarily divided into distances corresponding to units of 
growth in a given time interval and equal for all faces on each 
of the three crystals shown. The manner of the crowding out 
is readily seen, C being eliminated first and then A. If there is 
no crystal perfectly orientated, the next best orientation will do, 
but the process will extend over a greater length of tube, as it 
will to an even greater extent if there are two nearly equally 
situated seeds. Once the one seed has filled up the width of 
the tube, it will proceed to the farthest extent possible as a 
long single crystal unless cooling of the remainder of the tube 
is non-uniform so that seeds start up from a position a distance 
away down the tube. Having accomplished this, the crystal can 
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then turn corners without the danger of being superseded by 

another and differently orientated crystal seed, though, in these 

circumstances, the resulting linear crystallization velocity may 
well be much less. 

In Fig. 8Sj the crystal seed in position 1 marks the starting 
point. Before the second position has been reached, the seed 
has completely filled the tube and the greatest linear velocity 


*'KG.”l = 


Fig. 88. Change of maximum linear v’elocity with direction of the tube. 

is proportional to the long diagonal ab. A right-angle bend will 
obviously make the biggest change in velocity which will only 
proceed in the bent-over portion with a velocity proportional to 
the diagonal cd. This condition might be different in crystals 
(e.g., of triclinic type) where tlie minimal velocity would not need 
to be at right angles to the maximum. The fact remains, how¬ 
ever, that in a straight tube the rate at which the solid front of 
crystallization moves forward is not usually far removed from 
the greatest linear crystallization velocity of the crystal, though 
the latter wdll also vary with degree of supercooling. 

The set of values of linear crystallization velocity (“K.G.”) 
for ice at different degrees of supercooling, given in Table 14a, 
are from a paper by Hartmann (9), a pupil of Tammann. It 
will be seen how greatly the velocity increases with the super¬ 
cooling. Water is apparently too mobile a liquid to reach a 
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TABLE 14a 

Linear Crystallization Velocity of Ice 

(Hartmann, 9) 

Temperature, Linear “K.G./* 

®C mm per min 

-0.9 230 

-1.9 520 

-2.0 580 

-2.2 680 

-3.5 1220 

-5.0 1750 

-7.0 2800 

viscous state whereby the linear “K.G.” would sink to a low 
value when the supercooling is increased further. In this respect, 
it reseinides the metals and contrasts with many minerals. 

Earlier work of Gernez (10) on phosphorus does not indicate 
any tendency of this substance to reach a maximum velocity and 
then to suffer a drop, at least not over the range of 20 degrees 
of supercooling. The figures are given in Table 146, which 

TABLE 146 

Linear Crystallization Velocity of Phosphorus 


(Gernez, 10) 


Temperature, 

Velocity, 

Temperature, 

Velocity, 

°C 

mm per sec 


mm per sec 

43.8 

1.16 

37.3 

289.9 

43.55 

2.63 

34.2 

538.9 

42.9 

8.78 

33.0 

628.9 

42.1 

24.1 

31.2 

675.7 

41.4 

56.9 

29.0 

800 

40.6 

88.3 

27.4 

952.4 

39.0 

159.7 

24.9 

1031 

38.0 

243.1 




shows, in addition, what high values of linear crystallization 
velocity can in some cases be attained. Gernez used meter-long 
capillary tubes. The phosphorus was preheated to various high 
temperatures (100° to 215°C) before supercooling, the melting 
point being 44.2°C. 

The linear crystallization velocity is modified by the presence 
of foreign bodies which may be in solution in the molten sub- 



TABLE 15a 

Variation of Linear Crystallization Velocity of Some Aqueous Sols 

(Freundlich and Oppenheimer, 11) 


Temperature, 


Linear Crystallization Velocity at Various 

Concentrations 


V 2 O 6 , 1 day 



Pure water 

Cl = 0.0125% 

C 2 = 0.025% 

C 3 = 0.05% 


cm per min 

cm per min 

cm per min 

cm per min 

-3 

33 

38 

35 

32 

-7 

285 

333 

315 

292 

V 2 O 6 , 10 days 


Pure water 

Cl = 0.0125% 

Ci = 0.025% 

C 3 = 0.05% 

-3 

33 

63 

75 

57 

-7 

285 

400 

500 

9 

343 

Benzopurpurin 


Pure water 

' Cl - 0.0075% 

1 

C 2 = 0.015% 

C 3 = 0.03% 

-3 

33 

52 

43 

60 

-7 

285 

361 

300 

400 

Soap 


Pure water 

Cl = 0.0075% 

C 2 = 0.015% 

C 3 = 0.03% 

-3 

33 

40 

48 

57 

-7 

285 

285 

500 

500 

Mastic 


Pure water 

Cl = 0.03% 

II 

0 

• 

1 

1 

Ci = 0.2% 

_4 

33 

66 

« • • 

« • • 

-7 

285 

281 

100 

56 


Starch 



Pure water 

Cl - 0.03% 

C 2 - 0.1% 

C 3 = 0 . 2 % 

-3 

33 

32 

29 


-7 

285 

214 

187 

171 


266 
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stance or may be present as a sol in it. Freundlich and Oppen- 
heimer (11) found two kinds of sols, those accelerating and those 
retarding the linear growth of a supercooled aqueous sol. Among 
the former are iron oxide and vanadium oxide sols, benzopur- 
purin, kaolin, and several others; retarding agents are such as 
gold and platinum sols, oil, sulphur, starch, mastic, and gelatin. 
These authors attribute the accelerating influence to adsorbed 
water particles which possess part of the symmetry of the ice 
crystals about to be formed so that freezing is less impeded than 
in the bulk of the water where there is a greater degree of ran¬ 
domness. Some of their figures are given in Table 15a. Table 
155 is taken from a paper by Annie AI. King (12). In this case, 


TABLE 156 
(Annie M. King, 12) 


Melt 

/3-Diphenyluret han 
7 -Diphenylurcthan 
^-Phenylurethan 


Impurity, 

% nitrocellulose 

0.2 

0.2 

0.2 

0.2 


Extra Time 
per Centimeter, 
mm 

0.09 

0.06 

0.06 

0.13 

0.14 

0.07 

0.51 


7 -Phenylurethan 
a-Triphenylphosphate 0.2 

/3-Triphenylphosphate 0.2 

Formanilide 0.2 


all velocities are retarded, the effect being expressed in terms of 
“extra time” per centimeter of linear growth. 

Some recent work on this subject has been mentioned in the 
report on papers read before the Crystallographic Society of 
America, March, 1947. Here McCrone quotes the case of the 
linear crystallization velocity of molten “DDT.” Apparently 
“technical DDT” consists of isomers, chiefly p,p'-isomer and 
o,p'-isomer. The former was the bulk substance of the melt, 
and this effect of addition of the latter was first studied. At 
34°C, a mixture containing 20% DDT grows at the rate of 
80 microns in 5 minutes, compared with 2440 microns in 5 min¬ 
utes for a 20% thymol mixture and 35 microns in 5 minutes for 
a 20% triphenyl benzene mixture. This author attributes the 
action of the impurity to its viscosity. The work would seem 
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also to contradict an earlier work of von Pickardt (13), who 
measured “K.G.” retardations of benzophenone and various sub¬ 
stances and concluded that the retardation was a “colligative” 
property, being proportional to the square root of the concentra¬ 
tion, and that the molecular weight could be derived from meas¬ 
urements on it. The latter theory would appear to assign no 
value to the shapes of the impurity molecules in retarding the 
crystallization velocity. The principle of the selection of one 
preferred orientation of seed involved here is used in several of 
the methods (Tammann, Bridgman, etc.) for growing large 
single-crystal rods from the molten conrlition. The same geo¬ 
metrical consideration holds for tlie suppression of the vast 
proportion of crystal seeds originally formed and the emergence 
of comparatively few “columnar” crystals in the gross structure 
of a metal casting. Figure 89 represents a portion of a cylin¬ 
drical casting with, at intervals, one seed with its greatest exten¬ 
sion direction jutting out at right angles to the cylinder surface 
and, for simplicity, accomiianied by two identical seeds reared 
at angles of 60° to it. The equidistant lines represent displace¬ 
ments of the various crystal faces (seen here in plan) over unit 

intervals y>f time. The maximum : minimum extension values 
are as V3:l, and it will be seen tliat, although identical faces 

(in plan) cover all the crystals and the growth intervals are the 
same throughout on all of tliem, as would be tiie case if the 
seeds bore the shape of a cubic “cube” or octahedron, the in¬ 
clined crystals are rapidly eliminated from the race and those 
at right angles to the cooling surface prevail. The same thing 
would happen if the curved surface biCia-jbo, etc., were flat, as 
is the case with a rectangular mold, except that the seeds 
«!, Cl, a 2 , C 2 , etc., would survive rather longer under similar con¬ 
ditions. This is seen in square and rectangular molds, where the 
columnar crystals near the ends of the cooling surfaces come 
into contact with others coming from the surface at right angles 
to them and between the two sets, a weakness is developed. It 
will thus be seen that no other property of the crystal than the 
vectorial nature of the growth velocities is needed to explain the 
occurrence of columnar crystals in a cast piece. The same prin¬ 
ciple has already been briefly referred to in Chapter 2; Palibin 
and Froiman (14) modify the Bridgman process by fixing a 
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spherical bulb on the end of the crystallizing tube in order to 
get the resulting single crystal with any desired orientation (see 
Fig. 28). Hence the columnar crystals ought to have some axis 
of rapid extension parallel to their lengths. As a rule, out of a 
wider choice of zone axes along which to extend, crystals gener¬ 
ally make use of simpler ones such as those normal to cube, do¬ 
decahedron or octahedron faces. For example, in a face-centered 
metal, the octahedron would seem the most ])robable habit (when 

Boundaries 

between 



Fig. 89. Survival of “columnar” metal crystals in a cylindrical casting. 

unmolested by other crystals), and in the octahedron, the cube 
normal (or axis) is 1.732 times the octahedron normal and so 
the final orientation surviving the original tussle between seeds 
could be expected to be a cube axis parallel to the tube walls 
(see Fig. 87). Davey (15) actually finds this for copper single 
crystals. Bismuth, again, usually sorts itself out so that the 
final single crystal has some edge of the basal plane, parallel to 
the tube. Desch {Metallography, p. 187) gives Al, Ag, Au, Pb 
as with copper above. It would appear possible that there is a 
critical cooling rate for the appearance of columnar-type crys¬ 
tals. 

Heggie (16), working on castings of waxes at low tempera¬ 
tures, found that, with a motionless melt in the mold, coolings 
at a certain critical rate gave columnar crystals and below it 
the more uniform, smaller, “equiaxed” grains. This must be 
connected with the simultaneous production of a multitude of 
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small seeds in the interior of the melt, a fact which would 
render columnar crystals impossible, but it is difficult to visualize 
the circumstances in which a slowing down in the cooling rate 
in a mobile melt would lead to the production of more seeds. In 
many works on metals (e.g., Desch's Metallography) the produc¬ 
tion of equiaxed crystals is attributed to the melt having by then 
attained to the labile state of supercooling so that seeds develop 
spontaneously everywhere. 

This is described a little differently in Carpenter and Robert¬ 
son’s Metals (Vol. 1, p. 214): 

When solidification is not influenced by temperature gradients aris¬ 
ing from the method of cooling, all the crystals in the solid metal ex¬ 
hibit a marked similarity in size and shape. This is apparently the 
result of the interaction of several factors. It may be assumed that 
the fragments of the space-lattice that first attain sufficient stability to 
serve as centres of crystallisation will tend to be distributed at random. 
When crystallisation begins at these, however, the heat evolved in the 
process produces temperature gradients such that the temperature of 
the melt is higher in the vicinity of the crystals than elsewhere. Thus, 
new nuclei will tend to form at other points rather than in their vicin¬ 
ity and the continuation of this process will tend to bring about the 
uniform distribution of the crystals. 

This appears to be a feasible explanation of the remarkable uni¬ 
formity in crystal grains often seen in metals, but against this 
view is balanced another possibility (viz., that larger grains, 
such as those formed in the earlier instant of time, are known 
to have a tendency to grow at the expense of the later developed 
and smaller ones); if this is the case, the mechanism would be 
precisely that of the heat of crystallization from the larger grains 
reaching and remelting the smaller grains. 

Jeffries and Archer (Science of Metals, p. 126) quote such an 
example: 

There is reason to believe that grain growth in the solid state does 
occur in cast metals during the process of solidification. An example 
was described earlier in this chapter of a tungsten rod, the axial por¬ 
tion of which had been melted by an electric current and then allowed 
to resolidify. It was pointed out that whereas it might be expected 
that the grains formed during resolidification would be found starting 
from the uijmelted grains as nuclei, what is found in fact is that the 
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new central grains are vastly larger than the old grains in the outer 
rim, extending from this rim to the centre of the rod. It is Cjiiite cer¬ 
tain that, in the initial stages of the resolidihcation, the new grains 
actually did form practically all upon the old grains in the rim and 
began to grow inwards. The final result indicates very strongly that 

o w 

some of the larger grains absorbed their smaller and already solidified 
) neighbours. 

The subjects of grain size, supercooling, and supersaturation 
have been dealt with in Chapter 1. It would be surprising indeed 
if some renielting of tbe tinier grains in close proximity to the 
larger ones, when the supercooling was not very great, were not 
at times met with in the crystallization of metals, prcndded they 
had the right scale of minuteness. But for both processes (i.e., 
those quoted from Carpenter and Robertson and from Jeffries 
and Archer) to occur in the same solidifying melt, a very fine 
balancing of the various factors, cooling rate, degree of super¬ 
cooling, grain size, etc., would be needed. Probably those grains 
which were created just pnor to the release of considerable heat 
from ever-approaching and bigger neighbt)rs would be the ones 
to disappear into the melt and be absorbed on the latter. Any 
grain which was given sufficient time to develop beyond a critical 
size before being reached by the “heat wave” would, presumably, 
survive. 

Desch (17) gives a hint of some possible periodicity in the 
formation of equiaxed nuclei: 

In the midst of the liquid, where the equiaxed crystals are formed, 
there is approximately equal spacing so that the size of the resulting 
crystals does not vary very widely about a mean value. If the distribu¬ 
tion of the nuclei were entirely random, there would be a much witler 
range and it would seem to follow that there must be a certain perio¬ 
dicity of recurrence of the conditions under which a nucleus can form. 

Desch goes on to ascribe the uniformity to the dissolution of 
the lesser grains by the heat given off during the growth of the 
larger ones, an explanation with which the author is inclined to 
agree. 

Metals differ from minerals, and in fact from most other sub¬ 
stances which can be crystallized from melts, in that these melts 
are very mobile and only minor degrees of supercooling are 
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usually encountered. According to Tammann {States of Aggre¬ 
gation, p. 232), undercooling to the extent of 100°C has been 
observed in iron and nickel, while the ability to undercool is 
dependent to a considerable exTent upon admixtures. In no case 
has it been possible to obtain a metal in the glassy condition, 
for the spontaneous crystallization tendency of metals increases 
very rapidly with undercooling. 

The presence in equiaxed crystals of dendrite nuclei is of 
great interest, but it is dealt witii more fully in a later chapter 
with examples of dendrites from a wide variety’' of sources and 
conditions; consequently it is not necessary to go into greater 
detail at this stage. Separation of two components, so that one 
takes up a position parallel to some axis of tiie other crystal, is 
to be regarded as a sj^ecial case of parallel growth; it is discussed 
elsewhere. 

Another feature of great interest is the grain boundary. The 
formation of the grain l)oundaries is the ultimate stage of growth 
under conrlitions of overcrowding and wlien two or more struc¬ 
tures of atoms are competing for the odd few atoms left over as 
the lattices approach each other. W'liether tliere is a layer up 
to several atoms thick or whetlier the last odd atoms are sus¬ 
pended in two conflicting force fields and belonging to neither 
is a question whicli has been long argued and is not within the 
jiractical comj^etence of the author to adjudge upon. 

The amorphous “Beill)y’' layer, formed when a crystal surface 
is wiped with a soft leather charged with fine rouge, is, of course, 
quite distinct from a grain boundary and has no bearing on the 
extent of the latter. 

The question of the influence of surface tension on crystals 
grown just below their melting points has been touched upon in 
Chapter 3. Tammann. in liis Metallography, cites the case of 
copper crystallized from copper-bismuth melts. The curve runs 
from 1080° down to 280°C, and copper will crystallize from all 
melts containing more than Cu. When there is 50% Cu, the 
greater portion of the copper crx'stallizes between 900° and 
800°C, whereas, when there is 25% Cu, the crx^stallizing tempera¬ 
ture varies from 800° to 700°C. Investigation has shown that 
the copper crystals formed in the higher range of temperatures 
are all rounded, while in the lower temperature range the crystals, 
usually skeletal in outline, are covered with polyhedral facets. 
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Similar experiences were encountered witli beryllium growing 
from melts with silver or aluminium and with FeSi, whose crys¬ 
tallization curve extends over a considerable temperature inter¬ 
val. These examples would appear to support the view that 
where the crystal’s cohesion is low and the surface tension high, 

the latter may exercise considerable influence in the usuallv 

% 

accepted sense of trying to lessen the total surface area of the 
solid. This does not, in the author’s view, connect up with data 
regarding the prevalence of this face or that on a polyhedral 
crystal, a question which has already been discussed in Chapter 3. 

Another means by which crystals may be orientated during 
growth from the molten condition is that whereby a unique 
crystallographic axis, being also a direction of maximum heat 
conduction, essays to align itself with the direction of flow of 
the heat leaving the cooling system. The best example where 
this is the case is that of sheets of ice, growing undisturbed on 
deep ponds and lakes. According to Adams and Lewis (18), 
the ice sheet consists of single-crystal units packed tight together 
and varying in size, but with the hexagonal axis of the crystal 
(up to 10 centimeters long) usually at right angles to the sheet 
and up to 2 centimeters across the crystal. Since the heat is 
abstracted from the water layer in a vertical manner, upwarrls, 
the prevalence of vertical hexagonal axes in the sheet indicates 
an effort to achieve coincidence. An identical arrangement is 
that of Stober, already described in Chapter 2 (19). Here the 
temperature gradient is artificially directed vertically and the 
crystals of NaNO;{, ice, etc., align themselves with their unique 
axes parallel to it. Although not made much use of in the arti¬ 
ficial preparation of single crystals (the Bridgman and similar 
methods, which rely on a purely geometrical arrangement favor¬ 
ing crystals whose maximum growth rates are parallel to the 
lines of flow of the heat, being preferred on account of their 
simj^licity), the position of directions of maximum or minimum 
heat conduction in anisotropic crystals may provide a disturbing 
factor in the crystallization by these means. 

Growth from the Vapor Phase 

Any substance which has an appreciable vapor pressure may 
be grown m crystalline form by condensation of vapor on a 
comparatively cold surface. If the vapor pressure is appreciable 
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at ordinary temperatures, as is the case with such odorous sub¬ 
stances as camphor, phenol, naphthalene, and many organic 
compounds, large clear crystals may be obtained on the sides of 

the containing vessel, but the ease of formation is matched bv 

%> 

a corresponding readiness to dissipate into an atmosphere which 
contains less than a certain minimum pressure of the substance, 
anti in consequence they are very difficult to keep. Many other 
substances, elements and compounds, have either little or no 
vapor pressure under ordinary conditions but develop an appre¬ 
ciable one at higber temperatures fe.g., selenium below 200°C 
and the metals magnesium, zinc, and cadmium, which can be 
successfully grown as workable single crystals at a few hundreds 
of degrees centigrade. ^lany other substances crystallize under 
conditions in which chemical action may be inferred, or disso¬ 
ciation into simpler substances accompanies the sublimation. 

Ammonium chloride may be vaporized in a tube, for instance, 
and recondensed as minute crystals in a colder part, but the 
transfer is doubtless acconifianied by a certain amount of disso¬ 
ciation into HCl and NH:{, it being well known that a certain 
amount of the NH^ always escapes initially into the atmosphere 
when the tube is open. 

The conditions associated with growth from the vapor are in 
many respects similar to those from solutions and melts. When 
more than one modification is possible, the crystals formed will 
be those which are stable at the temperature of the cooling sur¬ 
face. In certain cases, a modification stable at higher tempera¬ 
tures is first formed and persists a length of time before changing 
into the form stable at room temperature (e.g., yellow-red mer¬ 
curic iodide with a transition temperature of about 120°C). 
Although many substances can be obtained in good crystals by 
this condensation from the vapor, by far the most important 
single example is that of snow from water vapor in the atmos- 
pliere, and this has received some study in recent years on 
account of its bearing on meteorology. Among the main features 
of this type of growth are: 

(1) The relatively small amounts of substance in a given 
volume of vapor, compared with average solutions and with all 

melts. 
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(2) The release, at the growing surfaces, of comparatively 
large quantities of heat, due to the simultaneous release of heats 
of fusion and of vaporization. 

(3) The mobility of the atmosphere surrounding the crystals. 
This factor may partly counteract the influence of (2), which 
provides a strong urge in the direction of dendritic growth. 


In other respects there does not appear to be any great differ¬ 
ence between growth by condensation and by other methofis. 

In a series of papers by Brown (20-22) is a description of 
how crystals of selenium “metal” were produced by the subli¬ 
mation, both in vacuo and at atmospheric iiressures, of viti'eous 
selenium in a tube 30 to 60 centimeters in length and about 
35 millimeters in inside diameter, closed at one end. In the 
earlier paper, he describes how all the selenium was deposited 
in a band about 7 centimeters deep on the sides of the tube where 
cooling from the original furnace temperature of 270'"C was 
sufficient to induce crystallization. Pie found the largest crystals 
to grow in a closed tube at something over 210°C and become 


I)rogressively smaller as the cooler parts of the tube arc ap¬ 
proached until, only 3 centimeters away from the ring of largest 
crystals, a continuous silvery sheath i& formed. Later is found 


a zone of black shiny selenium and then red amorphous selenium. 
In the latter case, the temperature is down to about 100°C. All 
this is in agreement with what has gone before. The larger 
crystals are formed in a region of just “labile” saturation of The 


vapor and continue to grow slowly in the metastable area. At 
the other end, extreme supercooling, as advanced by Tammann, 
causes the formation of a glassy or amorphous material. Tam¬ 


mann himself found evidence that glassy substances could be 
deposited directly from the vapor phase, and he gives, as ex¬ 
amples of this, betol and papaverine on a newly cleaved mica 
sheet {States of Aggregation, pp. 224-245). The former forms 
minute drops and the latter a continuous sheet on the mica. 
Both crystallize out in due course. Brown's “acicular” crystals 
would be up to 11 millimeters in length but no more than 0.2 
millimeters across. His lamellar types were up to 9 by 2 by 0.3 
millimeters, and the largest were obtained by reducing the pres¬ 
sure in the tube to below 0.01 millimeter and sealing off. In 
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the later papers (22), Brown describes how, at 170° i 1°C, 
three months^ growth yields monoclinic crystals, with a:6:c = 
1:0.18:6.0 with p = 60°, whereas from 190° to 220°C hexagonal 
needles were obtained after 1 to 2 weeks. It is probable that 
these two modifications are differing habits of the same hexagonal 
type of crystal, as would appear probable from the axial ratios, 
and that both possess the crystal structure worked out by Brad¬ 
ley (23). Straumanis (24—26) has given details of a method of 
growing magnesium, zinc, and cadmium from vapor onto cold 
surfaces, glass, and, later, iron. These are studied in the light 
of the Kossel and Stranski wiederholbare Schritt. Straumanis 
accepts this plan of the growth but considers that each layer, 
begun in the mid-part of a face, stops short several atom lengths 
before the earlier layer, thus resulting in low pyramid faces 
forming around the basal plane (GOOD, [e.g., such as (2025)]. 
He discusses the incidence of these planes in reference to the 
above theories (Chapter 5), particularly noting the absence of 
the important face (1012). His method was to heat the metals 
to a point below their melting point (e.g.; 530°C. for magnesium, 
whose melting point is 650°C). Low pressure and an atmos¬ 
phere of nitrogen were used to prevent oxidation. AVith zinc and 
cadmium, well-defined layered growths parallel to {0001} were 
noted (Fig. 90) with an approximate periodicity (in the thick¬ 
ness of each layer). These were absent, however, in the case of 
magnesium. Anderson (27) grew crystals of zinc from a single 
crystal grown by the Bridgman method (Chapter 2) and turned 
to the shape of a sphere. His views are touched upon there. 
The incidence of the faces in this case appear to agree with the 
Kossel and Stranski model. Recently Howey (28) has grown 
silver crystals by evaporation at 1200°C in the form of needles 
on their [110] axes. Earlier than this were experiments by 
Gross (29) and Gross and Volmer (30) on the growth of leaflet 
crystals of zinc and cadmium when a stream of the vapor of 
either of the latter metals is directed onto a glass plate. The 
shape of the crystals was one of the first features which inclined 
Volmer toward his adsorption-layer theory, discussed in Chap¬ 
ter 6. A further interesting observation is that all the leaflets 
were arranged so that their normals pointed along the direction 
of the impinging “beam” of metal atoms or were inclined at a 
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small angle to this, in no 
orientation has been taken 
in the related “splutterin 


case exceeding 15°. This feature of 
u|) in a rather diOerent way recently 
g ^ of metals onto various surfaces. 



Fig. 90. Layer growth of zinc crystal parallel to {0001}. (Straiimanis.) 


Tims Dixit (31) finds that tlic surface atoms liehave somewhat 
ikc a two-dimensional gas, taking up a greater area at tlie 
liiglier temperature by using a lattice plane which will afford 
this extension (sec Table 16). In a number of cases, the evajio- 


TABLE 16 


Preferred Orientation of Spluttered Metals 

(A1 and Ag on a Mo substrate) 


(Dixit, 31) 


Metal 

°C 

A1 

160-260 

A1 

350 

A1 

500 

A1 

606 

Ag 

To 650 

Ag 

940 


Lattice Plane 

( 111 ) 

( 100 ) 

( 100 ), ( 110 ) 
( 110 ) 
( 111 ) 
Random 


ration or spluttering of the metal was directed onto specific 
faces, such as the (100) plane of rock salt or a calcite cleax 


siir- 

age. 



278 


MISCELLANEOUS TYPES OF CRYSTALLIZATION 


In this case, orientation would occur (or not) in accordance 
with the now well-known rules of “epitaxis” or formation of 
parallel growth; further discussion of these is reserved to a later 
chapter. 

No discussion of sublimation or condensation, however short, 
would be complete without mention of snow and frost formation. 
In a work published in 1931, Bentley and Humphreys (32) 
describe a wide variety of habit in the unit flakes (i.e., not the 
massive snowflakes seen by the unaided eye). Beautiful photo¬ 
graphs of thousands of variations are included in this work, and 
these are classified into seventeen simpler types from which all 
others can be derived. These have obviously depended for their 
peculiarities upon the almost infinite variations in growth con¬ 
ditions—the study of the meteorologists—and, so far as can be 
verified, snow crystals react to their environment in the manner 
one could anticipate. For example, needles and particularly the 
more nearly “equiaxed” columnar crystals are produced in a 
dry atmosphere at high altitudes (i.e., by slow growth), while 
at the other extreme the more ornate dendritic extensions arc 
formed from atmospheres of high relative humidity and at tem¬ 
peratures closer to the freezing point of ice. The ordinary flake 
consists of very many unit flakes sintered together by mere con¬ 
tact while falling, and it is about the shapes of the unit flakes 
which most investigators have been concerned. The most recent 
works to come to the notice of the writer are given in a series 
of papers from the Physical Laboratories of the Hokkaido Im¬ 
perial University, Japan, and they relate to a mountainous dis¬ 
trict near Sapporo. They have been published under the general 
directorship of U. Nakaya (33-42), and they, too, are beautifully 
illustrated throughout with precise photographs of the different 
types. The findings of Bentley and Humphreys are verified 
and extended. The formation of snow crystals is particularly 
suited to dendritic extensions, arul mention is made of VogeFs 
theory of dendritic growth (43). They find that the dendrites 
have a fairly uniform thickness of 0.01 millimeter. Nakaya 
adopts the following classification (Table 17), which is included 
not so much because it furthers our knowledge of crystal growth 
theory, or dendrite theory, but to indicate the wide variations in 
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TABLE 17 

Classification of Snow Crystals 

(Nakaya, 37) 

I. Needle crystals, (a) Simple, {h) Combinations. 

II. Columnar crystals. 

ai—simple pyramidal column 
02 —“bullet”-typc column 
03 —hexagonal column 

61— combination of “bullet”-ty|xj columns 

62 — assemblage of short columns 

III, Plane crystals. 

oi—“stellar” crystals, developed in one plane 
02 —simple dendrites, developed in one plane 
03 —crystals of areal extension 
04 —plates 

06 —plates with corner extensions 

06 —stellar crystals with plates developed at ends of branches 
h —crystals formed from tw'o nuclei 
c —malformed crystals 

d—three-dimensional assemblages of plane branches on a stellar base 
e—three-dimensional assemblage of plane branches, radiating types 

IV. Combinations of columnar and plane crystals. 

a —column with plane crystals 
6 —tw'clve-sided crystals 

c —combination of bullet columns with plane crystals 

V. Columns with extended side plates. 

VI, Crystals with cloud particles or “graupel.” 
a —with droplets 
b —thick plates 
c —graupel-like snow 
d —graupel 

VII. Amorphous snow particles. 

crystal habit which are possible in a crystallizing system pos¬ 
sessed of so many variables as water vapor condensing directly 
to the solid state in the open atmosphere. 

In the later papers (41, 42), detailed descriptions are given 
of apparatus designed to grow snow crystals under controlled 
conditions. In the latter, four modifications are described of 
which the first will suffice here. In Fig. 91, two concentric glass 
tubes are drilled as shown—at bottom, to allow wires to the 
heater and a thermometer at the temperature of the water 
and close to the top to allow microscopic observation of the 
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growing crystal (lamp and objective schematically drawn). The 
top is closed with a metal plate C. A vessel R contains water 
lieated by an element to the extent required in the experiment. 
Vapor rises as shown by the arrows and descends by way of 

the annulus between the two 
tubes. On its way, it contacts 
the cold copper plate C at air 
temperature Taj usually well 
below freezing point. A rabbit 
hair H is suspended from a 
wooden or cork wedge IF, the 
thermometer registering the 
temperature near the crystal. 
As the temperature gradient is 
sometimes too steep with the 
copper plate bare, another disk 
of cork or wood D may be in¬ 
troduced. In a later model, the 
space between the top of the 
inner tube and the crystal is 
lessened by shortening the outer 
tube. This allows of an easier 
approach of the vapor to the 
cooling system and the crystal, 
with consequent increase in the 
rate of deposition. In another 
one, the approach is made more 
difficult by a considerable con¬ 
striction in the outer tube be¬ 
low the viewing system. Other 
models are also described, and a system of isotherms for the dif¬ 
ferent parts of the effective part of the system is given. The 
humidity of the system can be controlled by the heating system, 
and the rate of cooling can be controlled by the intervening of a 
cork disk and by the different designs of neck of the apparatus 
just described, so that crystals can be formed under a large vari¬ 
ety of conditions. 

Measurements on rates of growth of a variety of artificial 
snowflakes are given as follows at temperatures of —15® to 

-23°C. 


C_ I 



Fia. 91. Nakaya’s apparatus for 
controlled growth of snow ciy'stals. 
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Millimeters 
per Hour 


Fern-like crystals 4.6 

Dendritic and broad-branched types 1.3 
Sectors and plates 0.7 

Side plates and irregular forms 0.5 

Needles 0.5 


In another paper (39) the size of the elementary unit flakes 
in natural crystals is discussed. These are found to vary in the 




Fig. 92. Eight snow typos. 


following manner. In Fig. 92 are eight types of flake. Their 

sizes are given in the order shown, except that 4 and 5 are inter¬ 
changed. 



Millimeters 

Simple plate 

0.25 to 0.75 

Branches in sector form 

1.0 

Simple stellar form 

1.0 to 2.5 

Plate with simple extensions 

1.5 

Broad branches 

2.0 

Ordinary dendritic crystals 

• 

2.5 

Plate with dendritic extensions 

3.0 

Fern-like crystals 

4.0 


One type of elemental snowflake, drawn from an actual photo¬ 
graph from Nakaya’s paper (34), is given in Fig. 93. The 
delicate tracery in all these snowflakes, but poorly illustrated in 
the writer’s sketches, may be strictly in accordance with the 
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hexagonal symmetry down to the finest detail in the structure. 
It illustrates how, over the small volume of space occupied by 
each one of them, growth conditions can be so uniform in all 
directions that lattice structure is a very significant feature in 
determining the final shape so that, however minute the change 
in conditions, every corresponding point on the crystal exterior 
behaves in an identical manner. 



Fifj. 93. Sketch of snowflakes. (After Nakaya.) 


So far as it is possible to ascertain from the habit of columnar 
crystals, the hexagonal axis is polar, confirmed by the crystal 
structure ascertained by the X-ray method (44). The polarity 
of ice crystals is put forward in an earlier paper by Adams (45). 
He observes that, although most columns are doubly terminated, 
should conditions favorable to a slight etching occur, one {0001} 
termination etches far more deeply than the other. A number, 
however, etch equally at both ends, and Adams regards these as 
supplementary twins on the basal plane. 

One of the earliest pioneers in the study of individual snow¬ 
flakes by methods similar to those described by later workers is 
Nordenskiold (46), who includes over sixty photographs which, 
considering the state of the art at the time (1893), are very clear 
and informative. Prismatic crystals are shown which are un- 
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douhtedly polar, while other photographs point strongly to di- 
trigonal symmetry. 

Growth Closely Associated with Chemical Change 

There are many crystallizations which are so closely con¬ 
nected with some chemical change, taking jdace either just be¬ 
fore or, more often, simultaneously with, the crystallizing process 
that at first glance they might, erroneously, be described as 
“crystallizations by chemical change.” Alore mature considera¬ 
tion will show that the accomiianying chemical change is no 
more than a necessary prerequisite to furnish the material in 
sufficient abundance to start and to keep up the crystal build¬ 
ing. In many cases, the crystal could readily be built up from 
the pure materials and solvent; in many others, the chemical ac¬ 
tion, or the presence of some of the products, is the more con¬ 
venient way, sometimes the only convenient way of preparing 
the crystals. 

The preparation of barytes by gradual interaction of Ba 
and SO4 ions, suitably added to promote slow saturation, can¬ 
not be said to differ in type appreciably from the addition of 
sulphuric acid to copper nitrate solution and the crystallization 
of copper sulphate after the volatile HXO;i has been boiled off. 
In both cases, chemical action precedes the crystallization and 
is, in the particular circumstances, necessary to provide the crys¬ 
tal material in sufficient abundance to separate out. The differ¬ 
ence between the two given examples lies in the fact that the 
copper sulphate can be easily redissolved and better crystals 
obtained by recrystallization from pure aqueous solution, 
whereas, with barytes, the special method of introducing the ions 
into the aqueous solution very slowly is better than the direct 
one of boiling up the pure material in the necessary (and very 
large) volume of water. We deal now with crystallizations of 
the latter type or with crystals in which some similar difficulties 
exist. The large proportion of crystalline precipitates involving 
the chlorides of lead and mercury, the many divalent metal 
sulphides, barium sulphate and chromate, and numerous others 
are all of the same character as barytes. They are difficult to 
obtain as good crystals by the precipitation method, unless this 
is exceptionally slow. The dimensions of the small particles in 
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a precipitate and its relationship to the speed of deposition, the 
momentary supersaturation just previous to the precipitation, 
and the influence on the course of events of impurities with and 
without a common ion have been studied by von Weimarn and 
others; these topics are briefly mentioned in Chapter 1 . As the 
subject is important to chemical analysis, the factors just de¬ 
scribed are usually ably and fully dealt with in chemical text¬ 
books, the one in the author’s hand being by T. B. Smith ( 47 ). 
The lessened solubility of a substance in the presence of a com¬ 
mon ion can be made use of in the crystallization of some sub¬ 
stances, though frequently a large excess of the common ion 
leads to a reversal of tiie tendency. For instance, lead sulphate 
is more completely precipitated from its aqueous solutions by a 
small excess of SO 4 " but is capable of forming quite strong solu¬ 
tions in concentrated acid. Very soluble salts often have the 
effect of diminishing the solubility of sparingly soluble ones, and 
this is the basis for the numerous “salting-out” processes with 
such substances as tlie organic dyes. The relationsliip between 
solubility of a salt and its power to salt out sparingly soluble 
substances is not always straightforward, however, as was found 
by the writer in researches into the effect of organic dyes on 
various salts. Ammonium sulphate, for example, was effective 
in salting out dyes far out of proportion to its solubility. Often 
it appeared as if some peculiar or specific relationship between 
the salt and the dye, or some added group in the configuration 

of the latter, was all-important in deciding tlie question to salt 
out or not. 

Nature has been far more successful in the building up of 
large, relatively perfect crystals than our efforts on the labora¬ 
tory scale. 

The largest barytes crystals grown by men scarcely exceed 
the microscopical, though crystals of several inches in length 
are very common in nature. The length of time over which the 
conditions remained favorable for the growth to continue, slowly 
and unimpeded, extending over periods of time with years as 
units, may account for this difference. The temperature of the 
aqueous solution with barytes and with fluorspar was probably 
not very high and may have been practically normal by our 
standards. Nature has had some success, too, in the production 
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of many substances by “hydrothermal” action. The astonishing 
feature, to the layman, is the fact, accepted today by geologists, 
that quite low temperatures have sufficed to i)roduce substances 
regarded as practically insoluble in water (e.g., quartz at a tem¬ 
perature well below and adularia at a temperature from 

100° to 300°C). The increased mutual solubility of SiO:- and 
HaO at higher temperatures will account for much of the effects 
found to occur in metamorphic clianges—“metasomatism” and so 
on—which should riglitly be included in this section; other fea¬ 
tures, such as the displacing of C(\> in CaCOa by SiOo taking 
place at a temperature as low as 260°C, will also play their part 
in inducing reactions which were considered impossible to imi¬ 
tate experimentally until very recently. The reactions between 
magma and crystals in the process of which cations diffuse in 
and out from liquid to solid and vice versa are also good ex¬ 
amples of growth by chemical action. 

Good examples of crystallization immediately following a 
chemical reaction are given by the already cited cases of Koref 
(48) and van Arkel (49), where tungsten chloride vapor is de¬ 
composed by hydrogen in the first instance, according to the 
equation 

WClo + 3H2 = W + 6HC1 

and by heat alone in the reversible reaction 

WCle W + 3Cl2 

The liberated tungsten immediately deposits upon the electrically 
heated wire and in time may cause the diameter of the latter to 
increase several times. Fuller descriptions of the processes have 
been given in Chapter 2. 

Reaction between a heated metal and some other element 
(e.g., sulphur in the vapor stage) commonly yields crystals of 
the binary compound composed of the two elements. Typical 
cases of this kind are the sulphides, selenides and tellurides of 
metals like copper and silver, of the type of argentite, AgoS 
The vaporized non-metal is usually diluted with the inert nitro¬ 
gen. Sometimes hydrogen sulphide is used in the dry way (e.g. 
CuO -t- HaS = CuS -f H 2 O) or, more frequently, with an aque- 



286 


MISCELLANEOUS TYPES OF CRYSTALLIZATION 

ous solution of the chloride or sulphate in a sealed tube. Numer¬ 
ous examples of these and of similar nature have been known for 

many years, as a perusal of GrotlYs Chemische Kristallographie, 
Volume 1, will amply show. 

Another type of reaction is that in which some part of a 

molecule is withdrawn or driven off and a less soluble residue 

forced to crystallize. Calcium bicarbonate solution, on the loss 

of CO 2 , yields the rather insoluble carbonate, and, if the CO 2 

is regulated to pass off slowly, crystals of CaCOs of appreciable 
size may result. 

Some organic substances, on heating, may similarly lose a part 
of their component groups and develop a new configuration. 
Such occurs, for instance, when phthalic acid is heated in the 
dry way. Dissociation of water from phthalic anhydride results, 
and, as the latter is volatile, it may be collected in a cooler part 
of the vessel in the form of long needles. 

There is no difficulty in understanding the process in the lat¬ 
ter examples, but the earlier ones, such as those of CU 2 S and 
Ag 2 S, arc not so simple. If the original metal is in the shape of 
a stout wire, the resulting sulphide may also be a wire. The 
non-mctallic vapor has had to penetrate the wire between grain 
boundaries and ultimately, perhaps, to go through pores and 
grooves in the original metal crystals. But the resulting coarsely 
crystalline aggregate has crystals far bigger than the grains in 
the original metal, and possibly some grain growth in the solid 
has occurred. 

There is reason to believe that the metal atoms in structures 
like argentite, Ag 2 S, can migrate by diffusion through substan¬ 
tial distances in the lattice. Such appears to be the case in the 
work of Beutell (50), on these compounds and the formation of 
hair silver, etc., from them. He finds that, on heating argentite 
in vacuo to 450°C for several days, slight decomposition takes 
place, a very small partial pressure of sulphur vapor develops, 
and the same equivalent of silver metal is formed on the cooler 
side of the specimen in the form of very short hairs. Under the 
given conditions, nothing further occurs. If, however, a silver 
leaf is placed into contact with the warmer (base) end of the 
argentite, the silver hairs reach several centimeters in length 
though the argentite does not decompose any further and the 
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partial pressure of sulphur vapor remains unaltered. It is note¬ 
worthy, too, that, if the specimen is turned over, hairs will 
develop on the hitherto clean surface and those already formed 
will gradually disappear. In all examples, silver atoms are 
drawn from the silver reservoir at the base of the argentite, 
whether this be the original silver leaf or whether already 
formed silver hairs. They then proceed to be drawn up into the 
argentite to replace tliose which are leaving the lattice at the 
other and cooler end of the specimen. Silver, copper, and gold 
were all found to diffuse in this manner and tlirough selenidc and 
telluride structures as well as the sulphides. Such a property, 
possessed by the metal ions, may help in the explanation of other 
difficulties. The non-metal ions do not appear to diffuse, nor 
would one expect them to with any readiness on account of their 
great size. 

There is no doubt that chemical change and crystallization as 
a result of the abstraction of important ingredients from a solu¬ 
tion occasionally occur in biological processes and may have 
not unimportant results. Many of these remain the secrets of 
the cell walls and their permeability to certain kinds of ion and 
impermeability to others, so that a selection may be achieved 
which is quite inimitable, so far, in the laboratory. Wiggles- 
worth (51) gives such an example of this process in his descrip¬ 
tion of the elimination processes of an insect, Rhod7iius proliscus, 
a blood-feeder. The excretion exists in the upper Malpighian 
tubes as alkaline urate, the solubility of which is 1 part in 635 
of water. On passing to the lower part of the tube, water and 
OH' ion are absorbed from the solution whose pH value changes 
from 7.2 to 6.6. At this value, the dissolved solid, now tol^e 
regarded principally as uric acid, is only soluble to the extent 
of 1 part in nearly 40,000. Small spherulites of uric acid sepa¬ 
rate and grow until they are discharged from the system. The 
unwanted sej^aiation of calculi, stone, etc., made of various in¬ 
gredients from the blood stream, in joints, bladder, etc., prob¬ 
ably owe their existence to some similar process. 

Dehydration of crystals through loss of water of crystalliza¬ 
tion can undoubtedly be classified as chemical action (e.g., 
CuS 04 * 5 H 20 CuS 04 - 3 H 20 and the numerous examples from 
the hydrated salts, sodium carbonate and phosphate, nickel sul- 
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phate, Rochelle salt, etc.), but in all these examples the new 
products are usually cryptocrystalline and the process cannot be 
reversed without the original shape of the crystal ceasing to 
have any significance in the re-formed substance. Sometimes it 
appears as if the dehydration process occurs in well-defined 
stages, for the writer knows of one or two examples in his own 
limited field of observation [disodium phosphate and Rochelle 



(a) (6) 


Plate 26. (a) Early stage in the dehydration of ammonium Rochelle salt: 
(001) face in diffused light. X8. (b) Same as 20a but on (110) face and 

in surface-reflected light. X8. 

salt (Plates 26a and 266)], where the outline of the dehydrated 
portion is circular or elliptical and close inspection shows that 
there is a rather poor imitation of Liesegang's rings, though 
usually not more than three or four are discernible. It would 
seem quite impossible ever to grow good crystals by this means, 
however, and this mention should be quite sufficient. 

Growth by Electrodeposition 

Electrodeposition of metals from various types of aqueous solu¬ 
tion constitutes one of the most important of the crystallization 
processes involving chemical change, though, since the produc¬ 
tion of large crystals is a considerable disadvantage in most cases 
and is avoided as much as possible in practice, we do not need 
to burden ourselves with actual details except where they bear 
on other aspects of crystal growth. The technical details of how 
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to obtain firm, hard electrodeposits of one metal or another liave 
received much attention and anj'one particularly interested in 
these should consult the numerous works on the subject. 

An early description of the production of large crystals of 
copiier was made by von Schwarz (52) and has l)een referred 
to in an earlier chapter. A large square bath of 60 to 70 liters 
capacity was nearly filled with a solution of coi)per sulphate, 
strongly acidified with sulphuric acid. A current density of half 
an ampere to each 100 square centimeters of electroile area, at 
an optimum temperature from 0° to 7°C yielded crystals up to 
4 inches in length and half an inch in cross section. Another 
reference to the growth of good crystals by the electrolytic i)roc- 
ess is that whereby Erdey-Gruz (53) obtained large cube, octa¬ 
hedral, and other faces on silver, starting with spheres of the 
same metal grown by the Bridgman method. As a rule, how¬ 
ever, crystals can usually be grown better by one t)f the several 
other methods. As metals are practically insoluble in water, 
their release by electrolysis produces conditions tantamount to 
cxcGssix G supcrs9,turfl,tion. Low vuIugs of current density nre 
tliGi’Gfore nGCGSsary for good crystals, and this makes their pro¬ 
duction a long and tedious job. Inclusion of mother licpior or 

by-products is also difficult to avoid, and dendrites are readily 
formed, 

1 he theoretical side of electrodeposition has been gone into 
hy Stranski (54) and by Volmer (55). Regarding the dissolu¬ 
tion of a metal in the reverse process, Stranski points out that, 
though metal atoms themselves are closely analogous to the 
homopolar kind, complications arise owing to the presence of 
free electrons and work of a purely electrostatic character is 
supeiimposed during the dissolution. Corners and, to a lesser 
extent, edges will then possess an appreciably greater charge 
density, and this will strongly favor the expulsion of building 
units from these positions. In the opposite process—deposi¬ 
tion—these localities will be greatly stimulated, with a tend¬ 
ency to dendrite formation. Volmer also, approaching the prob¬ 
lem from the point of view of his adsorption-layer theory, 
agrees that the ions which separate first on electrolysis render 
the process more akin to the growth of heteropolar crystals. 
They speak, too, of the hindering effect of impurities on the 
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growth of the crystal grains, and this would tend toward a finer 
grain in the deposit. It was known empirically for many years 
that finer grained layers, harder than coarse-grained ones, were 
obtained wlien certain impurities were present in the electrolyte, 
and it has been common practice to achieve this end by adding 
colloidal substances, such as gelatin or dextrin, to the latter. 

Electrodeposits are, as a rule, harder than the metal as ob¬ 
tained by other processes, and this is frequently attributed to 
included hydrogen or other substances creating a state of strain 
in the metal grains. At least, the latter behave as though 
strained, since the deposits can be annealed (by grain growth in 
the solid state) when they become much softer. 

In one well-attested example, Macnaughton (56) and his col¬ 
leagues (57) found that hydrogen appeared to play no part, at 
any rate for electrodeposited nickel, but, when the pH approached 
a value sufficiently alkaline to cause incipient separation of a 
small quantity of the hydroxide, a “co-deposit” of finely scat¬ 
tered nickel oxide was distributed through the metal and the 
result was a considerable hardening because the grains were 
prevented growing to a large size by the impurity. With copper 
it was found that high current density caused a fine-grained 
deposit and vice versa, but with nickel a change from soft to 
hard deposits could be brought about without altering the cur¬ 
rent-density value at all. There is no simple rule, however. 
For example, they found that, in the presence of chloride, de¬ 
posits were appreciably harder when the potassium ion was 
present than when absent. In solutions free from chloride, de¬ 
posits showed a marked rise in the hardness as the pH decreased 
down to a kind of critical point—a well-defined minimum, after 
which any further lowering of the pH would cause a lessening 
of the hardness. They found that chloride ions tended to cause 
flocculation (of nickel hydroxide at the correct pH, presumably) 
while K ions tended to oppose it. During electrolysis, the basic 
material, colloidal and charged positively, migrated to the 
cathode and was included in the deposition on the crystal faces, 
thus hindering their growth. 

Other substances may get included, particularly if there are 
complex anions in the solution. Schlotter (58), for instance, has 
investigated the deposition of copper, silver, and other metals 
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from solutions containing complex iodide radicals. W ith low 
current densities (e.g., 0.15 ampere pei’ sciuare decimeter), there 
is no apin-eciahle inclusion of iodine in the coiiper. hut the cur¬ 
rent density can be increased until large amounts are included 
and the metal becomes hard and l>rittle and C|uite unsuitable for 
most purposes. With silver, there is again no obvious change in 
the properties of the deposit at first, but, with a current densitv 

4 

greater than 10 amperes per square decimeter and at a tempera¬ 
ture of 5°C, so much iodine is included in the silver that it has 
the color of gold. An X-ray analysis has shown that some of 
the iodine is in solid solution whereas some of it is merely ‘in¬ 
cluded.” 


At times, the new grain growth is simply an extension from 
already existing surface grains. This takes place with greatest 
facility when the surface is newly etched, when there are no 
colh)ids or contaminating impurities to adsorb on the surface, 
and when there is slow growth, as by small current densities and 
an approximate identity in pattern and spacing of the two lattice 
planes (when the base and deposit are different). The “toler¬ 
ance” in the latter case is similar to that found in epitaxis, or 
parallel-growth formation, so that the base-metal parameter 
should not be more than 2 V 2 % smaller or 12f47e greater than 
the depositing metal. At times, continuation of growth from the 
underlying grains is not so strictly orientated. In fact, with two 
metals possessing different structures, absolute continuity is 
ruled out but a parallel orientation on similar lines to the AYid- 

manstiitten structure is then found when the conditions for epi¬ 
taxis hold good. 

When no other constraint is present, there is a tendency for 
crystals to adopt a position in which some important axis (or 
row of atoms in the structure) is parallel to the lines of force as 
they reach the electrode (i.e., is normal to the sheet). The par¬ 
ticular reasons for the selection of the zone axis along which 
the grains will grow in columnar fashion are not too obvious, 
since metals with identical structures (and sometimes jiaram- 
eters) may choose different axes for their most preferred direc¬ 
tion. The axes [110], [111], and [100] are usual in face-cen¬ 
tered cubes, [111] being the most important axis with silver. 
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and fllO] the least, while gold has [110] for its most important 
direction. 

We may perhaps conclude this portion by referring to obser¬ 
vations on the influence which an electrode at a potential may 
exert in a solution or melt which is jyst in a condition to begin 
crystallization, although it is not clear if any electrolytic action 
is involved. Our first illustration deals with an aqueous con¬ 
ducting solution. It was observed by Ld^belohde (59) that, if 
a solution of copper sulphate were prepared by adding 100 grams 
of the pentahydrate to 150 cubic centimeters of water, it could, 
with care, be filtered and cooled to about room temperature 
(about 20'^C) without crystals appearing for about 12 hours 
(i.e., it is in a condition approaching the labile region). If, now, 
copper electrodes were dipped in to a depth of about 5 centi¬ 
meters, a current of about 5 milliamperes passed through for 
about 10 minutes would cause crystals to form at the anode. 
If the polarity were reversed, crystals would form on the new 
anode, and, if alternating current were used, both electrodes 
would become the seat of deposition of crystals (CuS 04 * 5 H 20 ). 
The use of platinum, carbon, or tungsten as anodes did not have 
this effect, though in further experiments it was found that nickel 
anodes performed the same way in a nickel sulphate solution; 
again, a magnesium anode would be coated with Epsom salt 
crystals, though platinum would not. Efforts with silver in the 
nitrate and lead in the acetate were not so successful. A^'hen 
the current density decreased from the stated value, nucleus for¬ 
mation at the anode also decreased as shown by the following 
figures: With copper electrodes a current of 4.6 milliamperes 
gave 100 nuclei in 15 minutes, whereas one of 0.76 milliamperes 
gave 20 nuclei in the same time. Ubbelohde infers that the cur¬ 
rent density and the total ionic transport are controlling factors 
in starting crystallization. Once crystallization has set in, since 
the solution is supersaturated, growth will continue on a large 
scale at the anode with no reason at all (barring further disturb¬ 
ances) for any to appear at the cathode. A current density of 
4 X 10“^ amperes per square centimeter corresponds with the 
impact of about 1.2 X 10^® SO 4 " ions per square centimeter. 
Since about 16 crystals per cubic centimeter grow in 15 minutes, 
the fraction of ionic impacts leading to nucleus formation is 
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about 1.4 X 10“^^. With nine times this current density, the 

« j 

number of nuclei rises to about 60 in 15 minutes but the efi’ective 
fraction drops to about 6 X 10“^®. 

Tims the fraction of impacts which lead to the b)rmation of 
nuclei is very small and may be due to the smallness of the 
interval during which an 804 " ion remains on the surface of the 
copper after discharge, so that cooi)eration between neighbors to 
form nuclei is infrequent. 

The phenomenon is not too well understood at present and 
may have some relationship with the minute electrolytic cur¬ 
rents, alternating, but with unsyinmetrical electrodes (e.g., a set 
of carbon rods in an iron tank), which, passing through water 
on the way to replenish a boiler, cause the lime in the former 
to deposit as aragonite in i)lace of calcite, or at least to deposit 
in a sludge which accumulates at the bottom of the boiler and 

swept out, thus cutting down the troublesome 
ft)rmation of boiler scale. 

Mention has already been made of two papers by Samuracas 
(601 and by Rix (61) in which they describe how electrical 
potential has an important bearing on the crystallization prob¬ 
lem, the former studying the effect of high-frequency currents 
and the latter the effect of a fixed potential on the number of 
nuclei formed. In the former work, application of the high- 
frequency field causes a large increase in the number of nuclei 
in the case of salol, or lead nitrate in water, or sulphur in carbon 
bisulphide. [In a later work, Samuracas (62) found the same 
effect, 3 to 7 times the number of nuclei, when the liquids were 
irradiated with the Ka and radiation of iron.] Rix enters 
into some detail with regard to the effect on the sulphur solution. 
When an electrical potential of 1500 volts per centimeter is 
applied to the supersaturated solution of sulphur in carbon disul¬ 
phide, the liquid begins a vertical rotatory movement toward the 
cathode below and an upper layer toward the anode. Sulphur 
crystallizes out exclusively at the anode, the habit of the crystals 
being in no way affected by the field. In the converse operation, 
with solid sulphur at both electrodes, the solution velocity is 
greater at the cathode than at the anode. 

The first experiment along these lines appears to have been 
that due to W. Schmidt (63), who also used a solution of sulphur 
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in carbon bisulphide. The solution was subjected, over a period 
of 3 hours, to a Wiinshurst discharge which produced a potential 
of 40,000 volts. He obtained transparent crystals up to 3 to 5 
millimeters thick and stated that there was no preferred orien¬ 
tation of these along the lines of force (i.e., they exhibited ran¬ 
dom orientation but were all located on the anode, the cathode 
being ciuitc clear of tliem). He supposed the nascent sulphur 
atoms to have acquired a charge and the process to be one of 
repulsion from the cathode. 

Growth in the Solid State 

The changes which occur when a strain-hardened metal is 
subjected to the annealing process have been described in detail 
in all the textbooks of metallography, and fuller details will be 
found there. A short version of the course of events which occur 
in the average case will not be amiss here, however. 

In the first place, a metal which has been originally cast in 
one of many ways and which has a granular structure, consisting 
perhaps of many millions of cells to the cubic inch, is subjected 
to stress, which may be tension, shearing, rolling, etc., and in the 
process will have acquired different properties which are related 
to tlie breakdown of the cell individuals into fragments by the 
gliding of one portion over another and to the storing of energy 
through the distortion of atoms from their proper places in the 
lattice. All ductile metals have these planes of gliding or slip 
which arc related to tiie symmetry of the space lattice of the 
crystal, and, in the case of severe cold-work, many such portions 
will glide over each other. On reheating, it is found that the 
appearance of the granular structure has been altered, new and 
bigger grains having made their appearance, and, in the process, 
the strain due to the mechanical deformation has been elimi¬ 
nated. The various features of grain growth may be summarized 
as follows: 

(1) Grain growth may occur (a) in cold-worked metals; (6) 
in electrodeposited films and sheets; (c) in compressed powders; 
{d) where an allotropic change is taking place; and (e) in an 
alloy when a new solid phase is in process of formation. In all 
these examples, the new crystal aggregate will possess lower 
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energy than the old. In (a) and (e), energy is stored in the 
compression or deformation and is ready at the first opportunity 
to escape; in (6), distortion is provided by the inclusion of 
hj^drogen and other impurities interstitially in the lattice or, 
more crudely, “interstitially’',” in pores or between grains of the 
deposit; in id), energy is released to corresjiond with the dif¬ 
ferences in the heats t)f formation of the two allotropes; in (e), 
“chemical” energy is liberated. 

(2\ Grain growth is not observed in a cast metal which has 
undergone no deformation. 

(3) The severer the deformation, the more ready the speci¬ 
men is for recrystallization and grain growth, as evinced by the 
lower minimum temperature at which this will occur. It has 
been found that smaller grains suffer greater deformation than 
larger ones, so that, for a given amount of deformation (as 
applied and measured externally), the reerystallization tempera¬ 
ture will be lower the smaller the size of grains in the original 
specimen. 

(4) Cold-work appears to be more effective when operated at 
a lower temperature than a higher one, since the temperature 
of minimum recrystallization is lower in the former case. 

(5) For a given deformation, the higher the temperature at 
which annealing is carried out, the larger will be the size of 
grains after annealing. 

(6) The presence of impurities above a certain small amount 
causes obstruction to the recrystallization process, and the new 
grains are smaller. 

(7) Under carefully controlled conditions, it is possible to 
grow a grain until it extends to fill the whole sample (up to sev¬ 
eral inches in length). 

In considering the growth of grains, the well-known analogy 
of the growth of large drops at the expense of the smaller, by 
virtue of the increased vapor pressure of the latter, and a similar 
state of things with crystals in solution when there are among 
the latter some of a size of the order of 1 micron or less, is some¬ 
what misleading. Undoubtedly, a crystal grain will possess less 
energy and be more stable than if it were pounded up by some 
process into thousands of smaller grains. Energy would identi- 
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rally be stored up ready for release, but such energy would 
normally be insufficient to start growth by way of the larger 
grains eating up the smaller. 

The actual process of annealing takes place in more than one 
stage. If we disregard the threshold effect whereby a cold- 
worked specimen can be heat-treated and much of the strain 
taken up without any visible recrystallization, the two most 
distinctive stages are: (1) the formation of nuclei usually in a 
large number of places at the boundaries of two or more grains 
(these nuclei are presumably strain-free and stable); (2) the 
growth of these nuclei by extension outwards through the space 
around them, and, in the process, the eating up of all grains with 
the original orientations. The former is referred to as “recrystal¬ 
lization” and the latter as “grain growth.” 

The new nuclei, when formed, are quite small, and at their 
initial appearance there is a smaller mean size of grain than 
before deformation. 

An interesting problem arises as to why a group of newly 
formed nuclei are able to grow when the temperature is elevated 
sufficiently whereas an otherwise similar group of cast grains is 
unable to do so, even when heated to near melting point. Tain- 
mann lays it down that the deformed grains are in actual atomic 
contact in places with their neighbors, the intervening cell boun¬ 
daries having been ruptured by the pressure of deformation. 
AVhen one lattice is in contact with another and the two lattices 
are differently orientated, then, apart from the single exception 
of twinning, energy can be released by the fusion of the two 
lattices into a single structure. This, of course, does not help 
us to decide which of the two lattices will win the day or whether 
a compromise orientation will survive. In the case of twinning, 
the amount of extra energy located in the twin boundary must 
be presumed to be of an entirely lower order since it is not 
usually possible to “untwin” a macroscopic crystal by annealing. 
Under the conditions of annealing in grain structures, however, 
it is probable that both halves of a twin grain will suffer the 
same fate and be swallowed up by some active new grain. 

Since most of the impurities in the original melt were pushed 
forward by the growing grains and are heavily concentrated in 
the old grain boundaries, and since the latter arc built around 
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haphazardly during grain growth, tlie new grain boundaries 
should possess very little impurity and therefore little obstruc¬ 
tion to indefinitely prolonged grain growth. This is probably 
the reason why under suitable treatment a test piece can be 
made with one, or only a few, grains in it, the rest having been 
eliminated; and the frequently observed fact that repeatedly 
raising the temperature of annealing causes more and more grain 
growth until quite coarse structures are obtained is probably 
due to the same reason. 

It has alreadv been mentioned that energv is stored awav in 
a system when a large particle is broken into numerous smaller 
ones. This surface energy has not an intensity sufficient to 
cause grain growth, however, and the energy which is ultimately 
the basic factor is that stored when the lattice planes and atoms 
themselves are pushed about by the deformation and occupy 
places out of their lattice locations. It would appear that such 
atoms would offer the least resistance to removal from the old 
lattice arrangement and to joining a neighboring new one, since, 
in their positions, they do not strictly belong to the older arrange¬ 
ment. When the temperature is elevated and the heat motions 
increased, if it is found impossible to revert to the first orienta¬ 
tion, a neighboring arrangement will suffice, and, as the latter 
increases in size, presumably it is in a stable condition the whole 
time and the distorted structures in the locality will be eroded 
further and further with time of exposure to the treatment. The 
temperature at which such rearrangements can take place varies 
with the substance, but, generally speaking, a high-melting-point 
metal will also have a high minimum temperature of annealing 
(e.g., Jeffries and Archer, after severe cold-work: W = 1200'^C, 
Ta = 1000^, Mo - 900°, Ni = 600°, Fe = Pt = 450°, Au = Ag 
= Cu = 200°, Mg = 150°, Zn and Cd at about room tempera¬ 
ture, and Pb and Sn below this). Obviously, the latter four 
metals would be capable of self-annealing after cold-work, with¬ 
out any further heat-treatment. 

Grain growth is also found in compressed powders, and, al¬ 
though the temperature is usually well above that for a cold- 
worked specimen of approximately the same original grain size, 
it has been found that clean powders will unite by grain growi:h 
after compression at roughly the same temperature as after cold- 
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work. The uniting of crystalline powders after compression, 
equivalent to cold-work, is not the same as the process of sinter¬ 
ing. Although pressure is used in the latter case too, strain 
hardening is to be avoided and should be removed first. The 
sintering itself takes place at a much higher temperature than 
annealing after deformation and is to be regarded as the uniting 
together of unstrained crystal grains accompanied by some 
migration of atoms, by diffusion at the high temperature, across 
the various boundaries. 

Regarding the actual process of recrystallization, it should 
be remembered that the large proportion of the broken-down 
crystals will be endowed with strain energy and that, at the 
higher temperatures, diffusion is known to be a constant feature. 
Diffusion has been shown to occur in suitable cases (e.g., lead 
and gold at ordinary temperatures). The energy needed to 
jump a boundary will ordinarily be greater than simple diffusion 
though, if Tammanp’s views on the direct contact of lattices 
after deformation is correct, this too would cease to be an 
obstacle. The only remaining mystery is where the stable 
nucleus comes from. Is it a piece of crystal which has somehow 
escaped distortion, or only suffered a minimum? Or has it been 
newly made from debris of older grains thrown together and 
coalescing? It is known now that, although it must be a 'priori 
more stable than neighboring grains, it has made its first appear¬ 
ance in the more deformed parts of the grain structure, where, 
granted its appearance, and surrounded by the least stable parts 
of the grains, it will find optimum conditions for its own further 

extension. 

Grain growth in metals cannot always be compared with simi¬ 
lar events in rocks, sandstones, etc., for in the latter case solu¬ 
tion or melt surrounding the grains may cause a redistribution 
of crystal material at far lower temperatures. Analogous changes 
are those involving the recrystallization of anhydrite and gyp¬ 
sum under pressure (64). If the load is unevenly distributed, 
flow may occur. Gypsum tends to form anhydrite at depths, 
whereas the process is reversed when nearer the surface of the 
earth. This, however, is an example of chemical change, as 
water is gained and lost during the process. 
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Salt may behave in a similar way and at an estimated pres¬ 
sure of 3000 pounds per inch, as in the Persian salt domes, mav 
flow like glaciers. Przibram (651 and Ortner (66) worked on 
the relationship of deformation and recrystallization in rock salt. 
The former used pressures from 500 to 10.000 kilograms per 
square centimeter de^•eloped to a maximum in about a minute, 
the specimens being rock-salt cleavages of 1-square-centimeter 
cube face and 1 to 2 millimeters thick. He found that pieces 
which had suffered “moderate” pressure recrystallized at room 
temperature at about 0.1 millimeter per day. He studied the 
effect of irradiation by radium on the rate of recrystallization 
and found definite evidence that this caused a retardation of 
the regrowth rate in the strongly treated samples. He adopts a 
view of Smekal that the Lockerwrien (i.e., the crystal ions loosely 
bound in the Smekal cracks or pores) are at the seat of the 
recrystallization. 

Calcite and dolomite require far greater pressures than this 
to cause bulk recrystallization (to form marble). Snow crystals 
on the mountainside are gradually compressed by more and more 
layers falling on them, and the pressure gets very high. Flow 
in this case may be due to regelation, but there is no doubt that 
at the high pressure, particularly in old glaciers, the transparent 
ice consists of quite large-sized crystals (nuts) but may at 
times reach 10 centimeters in diameter. These tend to arrange 
themselves with their optic axes (i.e., hexagonal axes) parallel 
to each other. In addition to the possibility of molten ice being 
present to assist the transfer of ice molecules to a position cor¬ 
responding with an energy release, solutions of various kinds 
(ri^el \^ater, sea water) may be included in the original small 
crystals and may also help. Ice cannot therefore be regarded 
as a perfect example of recrystallization in the solid. In con¬ 
clusion, one or two recent observations have a bearing on the 
above. One of these is in a recent piece of work by Buerger and 
Washkm (67) on annealing and grain growth in anhydrite and 
fluorite powders. Small grains (170 mesh) were compressed at 
5000 atmospheres in a commercial press and jflastic deformation 
induced. Annealing took place in a muffle. For anhydrite, the 
temperature was 1200°F, and for fluorite 1600° to 2200°F 
X-ray photographs showed the progressive coarsening of the 
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grains with increased annealing temperature. Below a critical 
temperature (1700"F for fluorite) prolonged heating caused no 
appreciable grain gro\\'th. Muller (68) earlier did some similar 
experiments on rock-salt cleavages deformed and annealed at 
various temperatures. Rinne (69), in a still earlier work, found 
that prolonged heating of powdered and deformed grains of rock 
salt and sil\ ine caused slow recrystallization at a temperature 
as low as 300°C. He also used the X-ray method to ascertain 
the progress of the recrystallization. He considers that low 
temperatures will do if sufficient time is allowed. 

henever a crystal, formed at a certain temperature within a 
range in which it is stable, finds itself, either by raising or by 
lowering of the temperature, in an unstable condition, nuclei 
form spontaneously and the new form grows in the solid state 
at the expense of the old. Numerous examples throughout the 
organic and inorganic world have been described. Lehmann in 
his Molekularphysik is a useful mine of information on sucii 
changes. An ordinary laboratory experiment is that of the 
change of the yellow orthorhombic mercuric iodide to the tetrag¬ 
onal red variety on standing in the cold. The transition tem¬ 
perature is about 120®C. Friction or seeding will invariably 
hasten the transition. An interesting experiment has been per¬ 
formed by Steyer (70) on the system Hgl 2 -Agl. These readily 
form mixed crystals and as long as there is not more than 5% 
Agl present, the typical “yellow” Hgl 2 forms from the melt. 
With 20% to 100% Agl cubic crystals are developed, whereas 
between 5% and 20% conglomerates form. Tlie most impor¬ 
tant feature of it all is that the transition temperature Hglo (yel¬ 
low) ^Hgl 2 (red) is raised from 120° to 132°C, whereas Agl, 
whose usual transition temperature a Agl ySAgI is 147°C, has 
its value lowered to 139°C. 

Frequently, as in the case of the transformation of a-, or 
y-monochloracetic acids to one of the other modifications, the 
new crystals have a polyhedral outline (71, 72), though often it 
becomes less regular, the different cases being extremely well 
depicted in the photographs of nicotinamide, where the several 
modes are seen to be interchanging as the circumstances become 
propitious for each. In these instances, growth begins from 
nuclei of one polymorph in the solid body of the other, and the 
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conditions for their appearance (io not appear to differ greatly 
from those obtaining in a supercooled melt. 

In a recent work, ^IcCrone (73) has shown liow crystals can 
be divided into two types; in the one, the style of grain growtii 
is determined by the mutual orientation of the two adjacent 
grains (e.g,, TNT or DDT). In the latter crystals a (001) 
face will always penetrate a (100) or (010) face of a similar, 
adjacent crystal. In the second type, exemplified in octachloro- 
propane, there is no such limiting condition; therefore the latter 
resembles metal grains. Although, after grain growth, it is 
found that grain boundaries have a tendency to reorientate 
themselves at mutual angles of about 120°, serious divergence 
from this optimum does not appear to provide any urge to 
1 ecrystallize. The motif, in both DDT and octachloropropane 

types of grain, is supplied by lattice strain induced by either 
cold work or temperature changes. 

Polymorphism has been investigated recently by Buerger and 

ins colleagues, and the subject would be better studied in their 
papers. 

REFERENCES 


1. Desch. Metallography, Longmans, Green, 1944; Smithells, Tungsten, 
Chapman and Hall, 1926; Tammann’s translated works, see refs. 17, 
18. and 57; Jeffries and Archer, Science of Metals, McGraw-Hill, 1924; 
Carpenter and Robertson, Metals, Vol. 1, Oxford University Press 
(2 vols.), 1939; Grout, Petrography, McGraw-Hill, 1932; Shand, Erup¬ 
tive Rocks, Wiley, 1943; Bowen, Evolution of Igneous Rocks Prince¬ 
ton, 1928. 

2. G. W. Morey, Proc. TFos/i. Acad. Sci., 1922. 12, 223. 

3. Irons. Faraday Soc., 1924-5, 20, Symposium on “The Physical Chemis- 
tiy of Igneous Rock Formation.” 

4. M. J. Buerger, Am. Mineral., 1948, 33, 101-131. 

5. M. Volmer and O. Schmidt. Z. physik. Chem., 1937. B25, 467-480. 

6. R. Nacken, Neues Jahrb. Mineral. Geol., 1915, 2, 133-164. 

7. H. Pollatschek, Z. physik. Chem., 1929, A142, 289-300. 

8. R. Gross and H. Moller, Z. Physik, 1923, 19, 375-387. 

9. R. Hartmann, Z. anorg. Chem., 1914, 18, 128-132. 

10. D. Gernez, Compt. rend., 1882, 96, 1278-1280. 

11. H. Freundlich and E. Oppenheimer, Ber., 1925, 68, 143-148. 

12. Annie M. King, Trans. Faraday Soc., 1928. 88, 45^462. 

13. E. von Pickardt, Z. physik. Chem., 1903, 42, 17-58. 

14. P. A. Palibin and A. I. Froiman, Z. Krist., 1933, 86, 322-325. 



302 MISCELLANEOUS TYPES OF CRYSTALLIZATION 

15. W. P. Davey, Phys. Revs., 1925, 26, 248 {Proc. Am. Phys. Soc., No. 50). 

16. R. G. Heggie, Trans. Faraday Soc., 1933. 29, 707-721. 

17. C. H. Desch, Am. Insi. Mining Met. Engrs., 1927, 1-22. 

18. J. M. Adams and W. Lewis, Rev. Sci. Instrurneyits, 1934, 6, 400-402. 

19. F. Stober, Z. Krist., 1925, 61, 299-314. 

20. F. C. Brown, Phys. Revs., 1914, 2 ser., 4, 85-98. 

21. F. C. Brown and L. P. Sing, Phys. Revs., 1914, 2 ser., 4, 507-516. 

22. F. C. Brown, Phys. Revs., 1915, 2 ser., 6, 236-237, 395-403, 404-^11. 

23. A. J. Bradley, Phil. Mag., 1924, 48, 477-496. 

24. M. Straiimanis, Z. physik. Chem., 1932, B19, 63-75. 

25. M. Straumanis, Z. physik. Chem., 1934, B26, 246-254. 

26. M. Straumanis, Z. physik. Chem., 1935. B30, 132-138. 

27. P. A. Anderson, Phys. Revs., 1932, 40, 596-606. 

28. J. H. Howey. Phys. Revs., 1939, 2 sor., 56, 578-581. 

29. R. Gros.s, Z. Krist., 1921, 56, 421-422. 

30. R. Gross and M. Volmcr. Z. Physik, 1921, 5, 188-191. 

31. K. R. Dixit, Phil. Mag., 1933, 7 ser., 16, 1049-1064. 

32. W. A. Bentley and W. J. Humphreys, Snow Crystals, New York. Mc¬ 
Graw-Hill. 1931. 

33. U. Nakaya and T. lizima, J. Faculty Sci. Hokkaido Imp. Vniv., Ser. 2 
(Physics), 1931. 1, 149-162. 

34. U. Nakaya and K. Hasikura, J. Faculty Sci. Hokkaido Imp. Vniv., 
Ser. 2 (Physics), 1934, 1, 163-180. 

35. U. Nakaya and T. Terada, J. Faculty Sci. Hokkaido Imp. Univ., Ser. 2 
(Physics), 1934. 1, 181-190. 

36. U. Nakaya and T. Terada, J. Faculty Sci. Hokkaido Imp. Vniv., Ser. 2 
(Physics), 1935. 1, 191-200. 

37. U. Nakaya, J. Faculty Sci. Hokkaido Imp. Vniv., Ser. 2 (Physics). 
1935, 1, 200-205. 

38. U. Nakaya and I. Sato, ./. Faculty Sci. Hokkaido Imp. Ihiir., Ser. 2 
(Physics), 1935. 1, 205-214. 

39. U. Nakaya and Y. Sekido. J. Faculty Sci. Hokkaido Imp. Vniv., Ser. 2 
(Physics), 1936. 1, 243-264. 

40. U. Nakaya, M. Toda. Y. Sekido. and T. Takano. J. Faculty Sci. Hok¬ 
kaido Imp. Vniv., Ser. 2 (Physics), 1936, 1, 265-287. 

41. U. Nakaya. I. Sato, and Y. Sekido, ./. Faculty Sci. Hokkaido Imp. 
Vniv., Ser. 2 (Physics), 1938. 2, 1-11. 

42. U. Nakaya, Y. Toda, and S. Mariiyama, J. Faculty Sci. Hokkaido Imp. 
Vniv., Ser. 2 (Physics), 1938. 2, 13-57. 

43. R. Vogel, Z. anorg. Chem., 1921, 116, 21-41. 

44. J. D. Bernal and R. H. Fowler, J. Chem. Phys., 1933, 1, 515-548. 

45. J. M. Adams, Proc. Roy. Soc. London, 1930, A128, 588-591. 

46. G. Nordenskiold, Bull. soc. frang. mineral., 1893, 16, 59-74. 

47. T. B. Smith, Analytical Processes; A Physico-chemical Interpretation, 

London, Arnold, 2nd ed., 1940. 

48. F. Koref, Z. Elektrochem., 1922, 28, 511-517. 



REFERENCES 


303 


49. A. E. van Arkel, Physica, 1923, 3, 76-87 (in Dutch). 

50. A, Beutell, Centr. Mineral. GeoL, 1919, 14-28. 

51. V. B. Wigglesworth, J. Exptl. Biol., 1936, 8, 410-451. 

52. ]M. von Schwarz, Intern. Z. Metallog., 1915, 7, 125-173. 

53. T. Erdey-Gruz, Z. physik. Chem., 1935, A172, 157-187. 

54. I. N. Stranski, Z. physik. Chem., 1931. Bll, 342-349. 

55. M. Volmer, Reunion Internationale de la Chimie ct la Phytnque, 1933, 
Paris. Herrmann et Cie, 1934. 

56. D. J. Macnaugliton and R. A. F. Hammond, Trans. Faraday Sue., 
1931, 27, 633-648. 

57. D. J. Macnaugliton, G. E. Gardam, and R. A. F. Hammond, Trans. 
Faraday Soc., 1933. 29, 729-754. 

58. M. Schlotter, K. J. Korpiun. and W. Burmeistor, Z. Mefallkundc, 1933, 
26, 107-111. 

59. A. R. Ubbelohde, Trans. Faraday Soc., 1940, 36 (2), 863-867. 

60. D. Samuracas, Z. Krist., 1933. 85, 474-478. 

61. W. Rix, Z. Krist., 1937. 96, 155-181. 

62. D. Samuracas, Compt. rend., 1933. 196, 418-420. 

63. W. Schmidt, Physik. Z., 1903, 4, 480-481. 

64. F. H. Hatch. R. H. Rastall. and M. Black, Petrology of Sedimentary 
Rocks, Allen & Unwin, 1938, p. 289. 

65. K. Przibram. Siizber. Akad. ll'm. ITec/i math.-naturw. Klasse, 1929, 
138, 353-362. 

66. G. Ortner, Sitzber. Akad. ITm. iriV/i iriath.-naturw. Kla.%se, 1930, 139, 
271-274. 

67. M. J. Buerger and E. Washkin, Am. Mineral., 1947, 32, 296-308. 

68. H. G. Miiller, Z. Physik, 1935. 96, 279-327. 

69. F. Rinne. Z. Krist., 1925. 62, 150-151. 

70. A. Steyer, Z. physik. Chem., 1903, 42, 595-628. 

71. H. A. Miers and (Miss) F. Isaac, Trans. Roy. Soc. London, 1909 
A209, 337-377. 

*2. . C. McCrone and ,T. W. Cook, **The Cr^'stallograpliic Description of 

Organic Compounds.” in Frontier, 1947. p. 9. 

73. W. C. McCrone, Discitssions oj the Faraday Society, 1949 No 5 
158-166. 



issoluiiion PlieiiLomeiia 


The sequence of events at a crystal surface when conditions 
are reversed from those of growth are not so simple as to be 
described, as some workers have done, in such statements as: 
“There is strict reciprocity between growth and dissolution.” 
The subject will be dealt with roughly here in the following sec¬ 
tions: the question of reciprocity; general dissolution phenomena; 
a discussion of etch figures. 

RECIPROCITY OF GROWTH AND DISSOLUTION 

It will be remembered that the diffusion equation of Noyes 
and Whitney (1) was advanced only for crystal dissolution and 
was modified by Nernst (2) to include the process of growth as 
well. Nernst's expression was 

DS 

dx = -(Co — C 2 ) dt 

8 

where Co is saturation concentration, C 2 the real concentration 
in the bulk of the solution, dx the amount detached or attached 
in a time dtj with S the area of crystal-liquid interface, 8 the 
thickness of quiescent layer through which diffusion must take 
place, and D the diffusion coefficient. Using this early expres¬ 
sion as a basis for their experiments, several workers have tested 
the validity of the assumption that, since S(Co — C 2 ) could be 
made equal but of opposite sign, in growth and dissolution, D/B 
should be the same in both directions. Leblanc and Schmandt 
( 3 ) have found no reciprocity with K 2 SO 4 , K 2 Cr 207 , and other 
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crystals, but fair agreement with NaClOa; IVIarc paid some 
attention to this problem. Some of his conclusions ( 4 ) follow. 

The velocities of growth are usually much less for any given 
substance than those of dissolution: 


Velocity of dissolution i 

Velocity of growth °C Substance 

■^•3 0 NH.-alum 

7-7 0 K 2 SO 4 

10.0 9 K 2 SO 4 

5-7 0 KoCriOr 


The velocities of growth are varied, one way or the other, by 

the addition of other salts fe.g., taking the velocity of gro'wtii 

of pure K 2 SO 4 as unity {n.b., this must be the average figure 

for all faces developed on the crystal)], the velocities of growth 

of the same substance (K 2 SO 4 ) are varied in the following 
manner (5): 

Substance Added Velocity Factor 

KCl 2.05 

K 2 CO 3 1.66 

Na2C03 1.14 

K2Cr04 0.75 

KNO 3 0.65 

There is little alteration in the velocities of dissolution. Again, 
a few substances showed an approximate reciprocity in having 
equal growth and dissolution velocities only at very high rates 
of stirring (e.g., oxalic acid and KCIO;,). Even these, however, 
fall badly from grace when we deal with their behavior in the 
presence of certain added impurities. As an example we have 
the growth and dissolution velocities of KCIO3 crystals in the 
presence of the dye Ponceau 2R which have already been re¬ 
ferred to ( 6 ) (see Table 6 , Chapter 1 ). 

If we inspect that table, we can readily see that the presence 
of Ponceau 2 R inhibits growth altogether, though the same con¬ 
centration of dye on KCIO3 crystals only appreciably retards the 
dissolving off of crystal material. There is little reciprocity in 
the two processes, though some workers have urged it in other 
cases [e.g., Friedel’s work on NaCl and urea ( 7 )]. Friedel in¬ 
sists that reciprocity only holds between “convex” growth and 
“concave” dissolution. As an example, slightly undersaturated 
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solution was passed into a cylindrical cavity and the outline of 
the latter observed after a given period of dissolution. In rock 
salt, the cavity developed cube faces when the solution was pure, 
and octahedral faces when a sufficient proportion of urea was 
included in the attacking liquid. Since it is common knowledge 
that rock salt grows with a cubic habit from pure solutions and 
with an octahedral habit from those containing sufficient urea, 
these two experiments might be taken as evidence in favor of 
the reciprocity of the growth and dissolution processes. The 
term reciprocity itself needs a little clarifying. For complete 
reciprocity, the growth velocities should be identical (but in the 
opposite sensei to the dissolution velocities. In addition, the 
same faces sliould be modified in an identical but opposing man¬ 
ner by the two processes. The first of these conditions necessi¬ 
tates the same coefficient of diffusion in the two directions—-an 
easily understandable condition—whereas the second requires 
that, over an area of the crystal face, the atoms shall lie down 
on the surface—or escape off again—with identical readiness 
when the same degree of over- or undersaturation prevails in 
the adjacent solution. This is not an indisputable conclusion, 
however. During growth, many atoms or ions of impurity, even 
in a highly purified solution, must be present and attached to 
the surface (e.g., H or OH' ions or H^O molecules in a pure 
aqueous solution). Their presence, even if they are ultimately 
rejected during growth, will tend to slow down the latter process, 
whereas, during dissolution, they will be the locations of the 
more unstable parts of the surface and, far from helping to slow 
down the dissolution of the face, may actually provide focal 
spots where the excess of solvent molecules can prize open the 
less-yielding lattice surface. Marc (4) points out, in criticizing 
the work of Tolloczko and Tokarski (8) who claimed reciprocity 
for growth and dissolution of CuS 04 ' 5 Ho 0 crystals, that, if the 
diffusion layer is not thinned out by vigorous stirring, the ap¬ 
proximate reciprocity of the diffusion process will outweigh any 
surface effect. The role of the hollow cylinder dissolving with 
the same plane convex surface is rendered a little obscure by the 
results obtained by Spangenberg’s school of investigators (9). 
They have shown that crystals of potash alum, potash chrome, 
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aluiii, ond rock salt, holloxv€^-oitt into hcmisplicrcs, actually re¬ 
produce their usual growth faees when growing in a sipiersatu- 
rated solution. Experiments of Hettich (10» and the more pre¬ 
cise work of Royer (11) and of Honess (12) do actually show 
that impurities in a solution which is etching a crystal sui'face 
can to a certain extent modify the resulting etch figures so that, 
by whatever mechanism, a limited surface interference is pos¬ 
sible. But there can be no claim to strict reciprocity in this 
respect either, for this would necessitate at least a rough parallel 
between the observed influence of an impurity during both jiroc- 
esses, forward and reverse, with regard to both the faces whose 
^elocities were modified anti the amount of impurity needed to 
achieve this purpose. The writer has found scores of examples 
where the growth of crystals has been seriously modified by such 
small proportions of impurity as 1 part in 30,000 up to 1 part in 
70,000 of the crystallizing salt. Quantities, hundreds, or thou¬ 
sands of times these amounts would be needed to produce an 
effect on the dissolution process. j\Iarc (4) holds this view too; 
“The same impurity which causes crystallisation to cease has 
not the slightest influence on dissolution. This observation is 
of special importance in that the usual conditions for equilibrium 
do not aijpear to apply, at least for this special case of crvstalli- 
sation.” Hcrzfeld (13) also favors this view: 


Ihe rate of dissolution is not aflccted by adsorption, as the breaking 
loose of an ion is not intrinsically different whether covered by an ad¬ 
sorbed molecule or not. A moderate diminution might result either 
from an attachment of the adsorbed molecule to more than one ion 
(simultaneously) in which case it would form an additional link, or from 
a veiy large size of adsorbed molecule preventing the solvent from 

breaking immediately into the gaps between parting ions and the un- 
derlying crystal. 


A further point of divergence is indicated in a work of Schnorr 
(14) (viz., that the distinctions between solution velocities pre¬ 
vailing at low undersaturation tend to be eliminated with intense 
undersaturation). That is to say, there is a leveling out of solu¬ 
tion velocities. On the other hand, any large degree of super- 
saturation during growth has the opposite effect. The direction 
which possesses the minimum growth velocity is then selected for 
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greater predominance over its fellows so that most or all other 
forms disappear. 

Kossel (15) has applied his theory to show that some kind of 
reciprocity ought to be expected, and Stranski (16) also speaks 
in favor of it as following naturally from his and the adsorption- 
layer theory. It has been shown here that opinion is by no 
means unanimous, and many of the facts seem opposed to any 
rigid reciprocity between the growth and dissolution processes. 
The nature of the completed surfaces may be highly resistant to 
attack or may be full of blemishes which lend themselves to it. 
Among artificial salts, K2SO4 is of the former class and KCIO3 
of the latter. The solubility curves of K2SO4 and KCIO3 inter¬ 
sect at about 45°C, where 15 grams per 100 cubic centimeters 
of each dissolves. Below this, KSO 4 and, above it, KCIO3 is 
the more soluble. At all relevant temperatures below or above 
45°C, a KClO.i-saturated solution may be prepared in a far 
shorter time than one of K2SO4, even at 70®C where about twice 
as much chlorate requires dissolving (i.e., provided that the 
crystals are of about the same size and preferably of the order 
of 2 to 5 millimeters in average width). Natural plane (010) 
surfaces of K2SO4 have been preserved in the humid atmosphere 
of Manchester for months without deterioration. 

The poor resistance of the KClO.-i surfaces is probably due not 
only to microscopic or submicroscopic blemishes providing ready 
points of attack to the solvent molecules, but also to the fact 
that the macro-structure is itself seen to be full of grooves filled 
with solution, or possibly drained dry and the liquid replaced 
by air. The solvent would much more rapidly penetrate such 
a porous system than a hard compact crystal. Often it has been 
suggested that such grooves or pores may be beyond the limits 
of artificial vision and yet lend themselves to the same rapid 
undoing of the crystal in an undersaturated solution or a pure 
solvent. Thus, as long ago as 1887, Judd (17) advanced the 
view that planes of easy solubility arose in crystals after intense 
strain. These invisible parts would rapidly form cavities filled 
with solution, etc. He also speaks of planes of chemical weak¬ 
ness, related to the symmetry, a forerunner of the idea of vec¬ 
torial dissolution. Bensaude (18), too, found that potash alum 
was most readily attacked in those portions which showed 



RECIPROCITY OF GROWTH AXD DISSOLUTION 300 

anomalous birefringence in polarized light and which he at¬ 
tributed to microscopic grooves running normally from the {111} 
faces and which were then opened up bv the solution. 

Experiments have been carried out on the final forms which 
a crystal takes up alter prolonged dissolution, starting from a 
good natural crystal or from a turned sphere of the sul)stance. 
After a prolonged period, varying according to the degree of 
undersaturation, the body assumes a shape in which the influ¬ 
ence of the directions of minimum dissolution prevails, and after 
this, if no change in the conditions is made, the same shape 
will continue to the end. M'e then have the Endkorper for solu¬ 
tion (discussed in Chapter 4, in connection with the views of 
Johnsen and his co-workers). It has been the prevailing im¬ 
pression that the directions of minimum growth in a supersatu¬ 
rated solution were those of minimum dissolution during the 
converse process, and, in fact, such a view is necessary to the 
existence of reciprocity between growth and dissolution processes. 
It can readily be seen that a substance which assumes the shape 
of a cube (the [100] directions being those of minimum growth) 
may, in the simplest case, become an octahedron, after a suffi¬ 
cient time exposed to dissolution, for, if the cube directions (i.e., 
[100]) refuse to dissolve, they will be advance points of the 
crystal in the solution, and some such figure as an octahedron 
but possibly a three-faced octahedron, a four-faced cube, or an 
icositetrahedron will remain. Conditions are not always so 
easily defined as this, however. For example, rock salt, whose 
cube axes are those of minimum growth, acquires the shape of 
a four-faced cube on dissolving in pure solution. The angle 
(/iA;0)-(100) varies, according to Fastert (19), so that for 
to 14 % undersaturation it is 2° to 3“ but for 2% undersaturation 
It IS 16 . ith the addition of urea, the well-known transfor¬ 
mation to the octahedron occurs during growth, but after disso- 

not a simple one, but a combination 

of (100), {110}, and {/ifcO}. 

^ corroborates to some extent the observations of 
Fastert (19) for NaCl solutions. In his earlier paper (14) he ex¬ 
plores the end bodies which result from starting with a variety of 

octahedron, dodecahedron, sphere, 
etc., with differing amounts of urea present in the salt solution 
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(e.g., for a 5% urea-salt solution made undersaturated to the extent 
of 0.25%, starting with a cube, there is first a replacement of 
1100) hy j/iA-O) which^ seems to go to completion). Then low 
icositetrahedra start to encroach on {/iA:0), and this, too, proceeds 
to completion. No further change in shape takes place if under¬ 
saturation and other external conditions remain the same. In¬ 
crease of the undersaturation to 2% or 4% merely rounds off the 
edges and corners of the end body {hhl]. On a crystal shaped like 
a cube but co_nsisting of (011), (OlT), (OTT), and (OTl) and ended by 
(100) and (100), the four dodecahedral planes remain smooth 
while (100) is altered to (hkl) as above. This led Schnorr to try a 
purely dodecahedral shape, and this he found to persist as long as 
dissolution kept on. This supports the earlier views of Johnsen 
on the dependence of the end body on the shape of the original 
crystal. 


GENERAL DISSOLUTION PHENOMENA 

Although the problem of reciprocity is confined solely to 
growth and dissolution from solutions near the saturation point, 
many observations have also been made on the effects observed 
when a crystal is placed in some etching medium other than the 
undersaturated solution. These effects apply particularly where 
the substance has no corresponding solution in which it will grow 
as well as dissolve, or where the composition of the particular 
solution in which the crystal under investigation grew is uncer¬ 
tain. Gem crvstals, “insoluble” minerals and metals are chief 
among these. At times, comparisons between the common habit 
of the substance, possibly grown from melt or vapor, and the 
end body after etching in one or another suitable corrosive fluid 
are made and conclusions of various kinds arrived at, though, in 
the writer’s opinion, it is at this stage a little premature to do so. 
It would be remarkable, for instance, if the directions of mini¬ 
mum displacement were identical (reciprocity) in a crystal of 
tungsten grown from the vapor phase and etched by alkali. One 
or two examples of corrosion by unrelated solvents will be given. 
(The terms Endkorper^ Losungskorperj etc., are used in these 
cases as well as in the truly reversible ones.) 
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Rinne, Gross, Nacken, and others have made numerous etch¬ 
ing experiments on various minerals and liave made use of what 
is called the light figure. By a suitahle arrangement of (optical 
parts, a direct photograph could be taken, as was done by 
Nacken (21) in his investigation of the distinction between 
7 . quartz and ^ quartz brought out by etching. Such direct 
photographic methods were not used much at first, though in 
their modern form, as brought up to date l)y Rosch (22), they 
seem to be the better way of dealing with the problem. Rosch 
prepared a series of projections, making particular use of the 
cylindrical projection, and used a method whereby the crystal 
was stationed centrally in a tube before it received the light 
beam; his original paper should be consulted for details. Rinne 
(23), in his work on the synthetic spinels, gives sixteen beautiful 
jihotographs placed on Rosch’s cylindrical nets. The commoner 
way was to mount the corrodeil crystal on a two-circle goni¬ 
ometer and explore and map out all the various reflections, 
finally plotting the values on a stereographic or gnomonic pro¬ 
jection. The first time this method was adopted was in 1903 
when Goldschmidt and Wright (24, 251 published several i)apers 
on etch figures, “light figures,” etc., on etched calcite. Rinne 
and his jHipils published a whole series of papers dealing with 
the latter approach to the etched crystal, and the crystallo¬ 
graphic literature of the 1910’s and 1920’s will testifv to the 

% 

popularity of the research about this time. Sometimes the 
stereographic projections were a little idealized, as appears to 
be the case with those copied by the writer in Figs. 94 and 95 
from pictures in a paper by Charlotte Kulaszewski (26). They 
are derived from a tourmaline sphere etched by HF, and they 
show the difference in develoi^ment of the facets at the antilogous 
and analogous ends of the polar axis. With KOH, though the 
patterns are different, the two ends are still clearly distinguish¬ 
able, and a remarkable feature of the end form is that it has 
become almost a hemisphere through the “analogous” surface 
being scarcely attacked while the crystal at the “antilogous” 
end has been corroded to the extent of 407c of the original radius 
of the sphere. In another experiment with almandine it was 
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found that the end body was a cubo-octahedron irrespective of 
whether the crystal belonged to the { 110 } or to the { 211 } habit 
(27), The {100} + {111} and the {110} habits may be '‘recipro¬ 
cal” to one another, but not so the former and {211}. This is 
with HF as etching agent, but, with fused KOH, cubes with 
curved faces and corners result. It is clear that, whatever re¬ 
lationship there is between the end forms of growth and dissolu¬ 
tion in almandine, it is not of a simple “reciprocal” character. 



Fig. 94. Light figure for 
tourmaline, antilogous end of 
three-fold axis. 



Fig. 95. The same as Fig. 94, 
analogous end. 


Similar deviations have been found with metallic tungsten (28). 
Etching this by aqueous alkaline solutions has yielded an octa¬ 
hedron; from alkaline melts there develops an icositetrahedron, 
and with acid solutions a {hkl} form vicinal to {110}. Mag¬ 
netite (29) is octahedral during growth and has a rounded cube 
for the end form of dissolution. Celestine (30), etched with 
HCl or HNO 3 , gives the three pinacoids {100}, {010}, and {001}, 
but, when H 2 SO 4 is the reagent, { 001 } is replaced by { 012 } 
(Fig. 96). Used as a method of arriving at the symmetry of a 
crystal, the corrosion method may succeed, as with tourmaline 
and quartz above, or may fail as with topaz (31). Aragonite 
appears holohedral (32), as does phosgenite (33). Working 
along these and similar lines, Gross (34) traces the successive 
shapes of gypsum on dissolution and concludes that every face 
has a characteristic displacement velocity for a given tempera¬ 
ture and concentration, and that this is independent of the num- 


ETCH FIGURES 


313 


her and size of adjacent faces. This is a problem dealt with 
elsewhere. A recent paper by Seehach (35) is recommended for 
a good description of the changes occurring on etching (cor- 



Fig. 96. End forms of celcstine, dissolving (a) in HCl or HNO .3 and (/>' 

in HoSOj. 

imdum). The earliest etch figures, down to the end body, are 
all explored by a two-circle goniometer and gnomonic projec¬ 
tions and the corresponding light figures constructed. 

ETCH FIGURES 

There is little doubt that the formation of etch figures (Plate 
27) represents the very earliest stage of crystal dissolution, and 
consequently their study is a part of the wider problem. An 
excellent work, covering every aspect of the subject and illus¬ 
trated by many practical examirles. has been written by Honess 
(36), and it would be impossible within the confines of the pres¬ 
ent work to enter as fully as this does into the subject. How¬ 
ever, an effort will be made, in a limited way, to present the more 
important features relating to etch figures in the form of a con¬ 
cise summary, and those wishing for further information are 
referred to the literature and particularly to the above work. 
A few works on the subject have appeared since Honess’ work 
was first published, but the situation has not been materially 
affected thereby. Among the more important questions which 
occur are; (1) A\ hat is their distribution in the crystal surface? 
(2) What kind of surfaces limit them at the different stages of 
their growth? (3) How are they related to the symmetry of the 
crystal and how affected by impurities? (4) What about the 

anomalies in the develoimient of etch figures as these affect their 
appearance and usefulness? 



DISSOLFTIOX PHEXOMEXA 




Pr>.\Ti: 



OftalKMlt'oii [)Iaiu“ of potash ahim (‘tclu'd wifli water. 



Distrihiitioii of Ktch Figures in tlic Crystal Surface 

\\ hen a crvstal surface' in contact with a solution or m(*lt 

% 

wliicli has hccoiuc. for any re'ason. unsatui'ated, dissolution takes 
place*, anei, if the initial stages are not carefully controlh'd. noth¬ 
ing other thaTi a geiu'ral retrt'at of the face's, edge's, and coriu’rs. 
with rounding off and e-hange e)f shape- I due to une'epial solution 
velocities at corne-rs, edges, and faces I will be noted. But. if 
the crystal is i’enio\'ed at an e-arly stage, it will usually be te)und 
that not all the surfae-c has been attacked. In fae-t. inueh the 
larger proportion of tiie surfae-e may be cpiite untouched. \Nliile 
elissolution will have begun and will be proce-eding at a numl>er 
of isolated si)ots. Spee-ulation is rife as to wiiy certain st)ots 
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should develop into etch pits, that is to say, why these should 
be the subject of attack before others. Are these spots chosen 
through their being weaknesses in an otlierwise continuous and 
resistant lattice surface—interruptions in the smooth regularity 
of the latter, as suggcstetl by the idea of a secondary strvicture? 
Is the linking up of certain atoms to the remaining atoms in tlie 
crystalline solid weaker on account of some iiredictable and 
therefore permissible difference in electron distribution? Or 
does an adsorbed particle at a point on the surface render the 
localit}^ more sensitive to the reagent? Any of these assumj)- 
tions might permit of that extra intimacy of contact of lattice 
atom, ion, or molecule and solvent particle which is needed for 
selective dissolution to begin. For, once the first atom has been 
torn from the surface, the biggest hindrance to a more universal 
dissolution will have been removed. That such lattice imper¬ 
fections are often the places where dissolution first begins can 
hardly be denied. Ridges, grooves, and other surface irregu¬ 
larities, visible to the eye or under the microscoiie, are fretiuently 
seen to be strewn witii rows or systems of etchings. And doubt¬ 
less the frequent occurrence of small cracks of jiossibly near- 
molecular dimensions, such as Smekal assumes, may render in¬ 
evitable the appearance of etch pits at some such spots, though 
it is questionable whether the large number of Smekal cracks 
has any bearing on the relatively few etch pits which develop on 
a given surface. For, if every crack on the Smekal model were 
to become the center of dissolution activity on the surface, there 
would be so many places dissolving at the same time, and these 
so close together, that the outward appearance of the crystal 
would not be that of a series of etch pits on an otherwise smooth 
surface but the whole surface itself would appear to be dissolv¬ 
ing unitormly. Otherwise, if we are still to persist in our view 
that ctcli pits start at surface cracks, we are led to the con¬ 
clusion that there are not very many of the latter per unit of 
surface area or that the connection between surface crack and 
etch pit is not very simple and may be remote. Again, the sur¬ 
face of a crystal, under conditions facilitating dissolution, may 
be legalded as under bombardment from the surrounding mother 
liquor. There certainly can be no statistical exchange of ions 
between the crystal surface and the solution, at least not at the 
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very commencement of dissolution, as, if this were possible, the 
surface would dissolve so readily, all over at once, that no etch 
figures would be produced. But ions vary in their energy con¬ 
tent, and the first beginning of an etch pit may depend upon 
tlie arrival at the surface of some particularly active solvent ion, 
able to seize upon an ion in the crystal surface or penetrate a 
gap there more efficiently than its fellows, quite as much as upon 
the assumed presence of surface weaknesses. 

Perhaps, owing to the relative paucity of etch pits, a combina¬ 
tion of very active ion and weak spot in the outer lattice surface 
is needed. On the other hand, it is possible that the relative 
infrequency of etch pits on a surface may be explicable on lines 
similar to the kinetic theory model of the Brownian movement. 
One single molecule, whatever its speed and momentum, would 
be insufficient to hit a large particle, such as is afforded by gam¬ 
boge, colloidal sulphur, or other appropriate substance in water 
and thereby cause it to suffer a displacement sufficient to be seen 
under a microscope. But there arises an occasion when, in the 
constant play, to and fro, of the molecules, many are traveling 
in the same direction in a narrow “tube” of solution, and, if this 
tube ends on the surface of a colloidal particle, the latter may 
suffer a visible displacement. What a single molecule cannot do 
of itself may be achieved by a large number working coopera¬ 
tively to the same end. Such occasions, though they recur only 
relatively infrequently in “atomic” time, will be sufficiently fre- 
(|uent, when measured by our standards of time, to account for 
the phenomenon. In a similar way, the beginnings of dissolution 
may happen through the “cooperative” activity of many mole¬ 
cules or ions in the solution, though here it might have to be the 
“cooperative” absence from the particular locality of a large 
number of solute ions at once rendering the solution in the im¬ 
mediate neighborhood relatively very unsaturated and so stimu¬ 
lating dissolution. Even this process would be assisted by the 
presence of occasional surface weaknesses. Herzfeld (13) has 
drawn a picture of the beginning of crystallization on the as¬ 
sumption that it is a cooperative phenomenon. The opening up 
of a reasonably perfect surface plane may need some similar 
drastic process, as will be seen from the resistance such planes 
offer to milder treatment. The large {010} planes of K 2 SO 4 
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grown in the presence of certain dissolved dyes keep their luster 
and planeness [as tested by their capability of forming Haid- 
inger interference fringes in monochromatic light (37) for many 
months even in a damj) atmosphere]. AVhen such a plane yields, 
it is most likely to be because of some mass attack rather than 
because of surface blemishes alone, important as the latter may 
be in most cases. 


The Nature of the Limiting Surfaces of the Etch Figure 


The various trends of modern crystallographic research owe 
their existence to the prior study of the morphological pro])erties 
of crystals found ready-prepared in nature, supplemented in 
later years to an ever increasing extent by artificially prepared 
materials. This study has been helped by the fact that a con- 
sideiable body of crystal material was of good homogeneous 
quality and the limiting surfaces were, to a first and often to a 
second approximation, plane. Hence were evolved the laws of 


lationality and of simple indices. Lots of exceptions were 
known: crystals whose faces were by no means smooth or plane 
and suffering from many different types of discontinuity. But 
it was assumed that, unless a crystal were hindered by its en¬ 
vironment or by the rapidity with which it was called upon to 
throw itself together, or unless it were surrounded bv disturb¬ 


ing influences such as unsymmetrical setting in concentration 


streams, or uneven heating, it would as a matter of necessity 
limit itself with plane, smooth faces with low, rational indices. 
These would correspond to those planes of the space lattice 
whose reticular densities were greatest. Even during the growth 
process, however, the uniform nature of many faces is more ap¬ 
parent than real, for, in place of a single plane face, parallel to 
some lattice plane of high reticular density, we are accustomed 
to finding one or more, usually more, replacing facets which, 
while possibly plane, most certainly do not correspond with lat¬ 
tice planes of high reticular density. On the contrary, since they 
are inclined at angles amounting, as a rule, to only a few min¬ 
utes of arc to the lattice planes, they must necessarily be planes 
of exceedingly low reticular density. These are the well-known 
vicinal faces, and it is to them more than to any other single 
factor that we owe the deviations we get from the geometrical 
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laws of crystallography. It is customary to describe as “faces” 
those whose indices are low, say, with values up to 7 for the 
higher indices. Typical vicinal faces have much higher indices 
[e.g., such as those found on fluorite (32.1.0)]. There are also 
many faces of intermediate character such as those formed in 
the presence of impurities [e.g., methylene blue on barium ni¬ 
trate (38) where (16.1.0) and (8.1.0) replace (100), and on 
potassium perchlorate (39) in the presence of some dyes where 
(076) among other faces replaces (011)]. The etch pits devel- 



Fig. 97. Shapes of actual etch pits on a-brass. (Wood.) 


oped on crystal surfaces are considered by most authorities (36) 
to be bounded by plane surfaces whose characteristics are the 
same as those of vicinal faces produced during growth. In some 
cases [e.g., in the deep etching of a-brass (40)], the etch pits 
are all lined with {100} and (110) faces, and, in the one instance 
of the (111) plane itself, (111) is also present (Fig. 97). Analo¬ 
gous to these are the zinc spheres etched by vaporization by 
Aminoff (41) and found to be covered with etch pits and hillocks 
w^hose indices are of the simplest possible (viz. (0001), {1010}, 
[10111, [1120)). The conditions are different from pure “etch¬ 
ing” since no solvent is present, but they are analogous in that 
atoms are escaping from the surface, in this case unimpeded by 
solvent particles. The inner surfaces of the etch pit can, of 
course, be explored in a manner identical with the corrosion 
figures just described. In certain other cases, where “rounded 
etch pits are recorded, it is assumed that they are round only 
in the sense of consisting of a multitude of narrow but plane 
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strips. In any case, the round or heinispherical etch pits are 
usually formed, if at all, in the earliest or immature stages of 
the development. Kleher (42) has ol)tained circular etchings 
in the earliest stages of the process on fluorspar, and he considers 
them to point in the direction of a mosaic arrangement in the 
macro-crystal. This reasoning is, however, not easy to follow. 
As Honess has stressed, it is 


the more mature etch figures 
which most reliablv indicate 
the crvstal face svmmetrv. 
These are bounded by plane 
facets, though their indices 
may be very high. Further¬ 
more they are less likely to 
show anomalies in their struc¬ 
ture (beaks, etc.), since the 
latter are most often formed 
in the earlier development of 
the etch figures. 

We must now consider the 
question of etch hillocks. 
When a surface is carefully 
etched, pits are developed and 
they extend their boundaries 
if the process is allowed to 
continue, and in addition new 



Plate 28. The (021) plane of topaz 
sliowin? growth hillocks. X8- 


pits begin in different plaees. If, tlien, the proeess is allowed 
to continue until the etch jiits coalesce or, what amounts to the 
same thing, if the etching process goes on at a very rapid rate 
on account of the readiness with which the face is open to at¬ 
tack, raised islands of the original surface will be formed, and, 
as they now stand above the average level of the surface and as 
they have been produced by corrosion, they may be regarded as 
etch hillocks. It is obvious (and a few minutes’ sketching with 
licncil and paper will show) that they cannot possibly, except 
with extremes of coincidence, possess a symmetry related to 
that of the crystal face. It is highly probable that the big ma- 
joiity of etch hillocks” noted by observers are in reality 
growth hillocks.” We shall see shortly described how easily 
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these may he produced on a {111} surface of an alum crystal 
when “etching” is carried out with a nearly saturated solution. 

One of tlie first investigators to go into the subject of etch 
hillocks was Daly (43), who describes them on hornblende. He 

remarks on their “bizarre” 
form and arrangement, “tri¬ 
angles, irregular quadrilater¬ 
als of many shapes, trape¬ 
zoids, jumtagons, etc.” This is 
just what one would expect 
from true etch hillocks, 
formed by the extension of 
etch pits until the latter be¬ 
came obliterated. The writer 
knows of many examples of 
(jrorrth hillocks (e.g., triangu¬ 
lar pyramids replacing {011} 
of kciO, and NH 4 Ci 04 
(Plates 7 and 16), equilateral 
ti’iangles on {111} of alum and 
facing tlie opposite way to tlic 
true etch pits, and growth 
strips on (100) of Fb(N();t) 
and BalNO.U^I- It is prob- 
ai)le that practically all sym¬ 
metrical figures that are hill¬ 
ocks are growth iiillocks. 
Additional examples are 
shown in Plates 28 and 29. 
No method of reproflucing the 
hillocks on Plates 28 and 29, 
especially the former, can be imagined as a result of the etch 
process. 

It is significant that the literature does not give many good 
examples of symmetrical etch hillocks, so they must be consid¬ 
ered similar to those on Daly’s hornblenrles and are useless as a 
pointer to symmetry. Where a crystal, soluble in water, is 
“etched” by a nearly saturated solution, the occurrence of 
“growth” hillocks is to be expected, with the same significance 



Plate 20. Tlio (110) piano of topaz 
showin" growth hillocks. XlO. 
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regarding the symmetry as if they were pits. This may be the 
case with AIenzer*s “etch hillocks” on sylvine (44). All natural 
hillocks should be treated as produced by gn»wth when they 
show a degree of symmetry corresponding to that of the face. 
Ernst (45) mentions etch hillocks on beryl but does not give any 
photographs. Honess (36, p. 36) refers to raised hillocks on the 
surface of a crystal and says they are not an etching phenom¬ 
enon. 

Relation of the Etch Figures to the Symmetry of the Crystal 

The symmetry of the mature etch figure corresponds to that 

of the crystal plane. Frequently, as when they occur on two or 

more important forms such as the cube with the octahedron, it 

is possible to read oft the three-dimensional symmetry exhibited 

by the crystal as a complete whole. In the big majority of cases, 

the symmetry so ascertained tallies well with that arrived at by 

% 

other methods (e.g., by a study of the crystal morphology, tiie 
optical properties, pyro- and piezo-electricity, and X-ray struc¬ 
ture). In the working out of the latter, the symmetry ascer¬ 
tained from morphology, etch figures, etc., is usually first as¬ 
sumed, and, if the structure is readily worked out on the assumed 
symmetry, it is taken as affording valuable confirmation. At 
times, however, the symmetry ascertained by some one or more 
methods may not be exactly that derived by other methods. 
One classic example of this was known in rock salt and sylvine 
(NaCl and KCl). The square pits on the (100) faces of these 
salts were usually rotated unsymmetrically about the four-fold 
axis, though in all other respects the crystals behaved as though 
they were holohedral, and their structures, as derived by X-ray 
methods, are typically holohedral. The asymmetry of the etch 
pits was regarded by Hettich (10) as occasioned by minute 
traces of impurity of a dextro- or laevo-character, this view 
depending on the assumption that the d- or i-acids would be 
able to adhere in d- or /-positions in the lattice planes. Regard¬ 
ing the latter, both sorts would necessarily have to be present 
on the lattice surface in equal proportions for the external 
crystal-habit not to betray left- or right-handed characters, but, 
if many of the one sort were covered by adhering ions of the 
same rotating tendency, the whole surface might acquire d- or 
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i-characteristics and etching might then indicate it. On this 
model, impurity ions would be required to attach themselves to 
a dissolving surface so as to influence the habit subsequently. 
Reliable evidence of anything like this happening is at present 
scanty. It would, it seems, be most logical to expect the same 
impurities as are reputed to be able to affect the habit of the 
etch pits on dissolution to be able to influence the habit under 
the more propitious rules which obtain when the crvstal is 
growing. This they have not been proved to do with any cer¬ 
tainty. Eock salt in particular is (with most other alkali hal¬ 
ides) a very difficult crystal to modify with respect to habit. 
When we consider the number of investigators who have devoted 
quite large amounts of time to studying rock-salt problems alone, 
the results so far as habit changes are concerned have been dis¬ 
appointingly small. In fact the only good example of habit 
change with rock salt (where the appearance of the crystal is 
completely modified, i.e., from cube to octahedron) is the old 
classical one of adding urea. On this showing, then, the modifi¬ 
cation of NaCl surfaces during dissolution should present some¬ 
thing of a problem, and we should scarcely expect that almost 
any d~ or /-long-chain organic compound, dissolved in the solu¬ 
tion, would be capable of occasioning it. The observation that 
d~ and Z-acetic, aspartic, and other acids are able to produce d~ 
and Z-figures on calcite, irrespective of the size of the molecules 
of impurity (11), appears to have been verified, though no trust¬ 
worthy explanation is yet forthcoming. But Lowry and Miss 
Vernon (46) have studied the phenomenon gind advanced an 
alternative. They do not find a constant value for the rotation 
of the etch figures from a symmetry position and consider that 
there is an actual loosening of what are really etch hillocks, 
from below by penetration, and the square, low pyramids are 
more or less free to take up any orientation they like. The diffi¬ 
culties attendant to an *'etch-hillock” explanation have just been 
discussed. Another anomaly is shown by cuprite, though here 
the etch figures are in keeping with the majority verdict, so to 
speak. In cuprite, most of the commoner crystals, when the 
symmetry can be detected at all, appear to possess that of the 
cubic holohedral class and show no trace of optical activity. 
Miers (47), however, found crystals from Cornwall whose habit 
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was iiniiiistakahly holoaxial, every face of the form {9S6) l)einpf 
present, to the exclnsion of practically all other faces. Etchinjj; 
data |e.g., Trauhe (4Sl anti Honess (36, Chapter 6 i appear to 
indicate holohedral symmetry as does the X-ray method]. If 
this should be the case, it will be another illustration of a sub¬ 
stance whose habit during growth can be considerably modified, 
presumably by an optically active impurity, and yet which fails 
to produce etch figures of a correspondingly low symmetry upon 
dissolution. For, if the crystals of jMiers should prove in the 
end to be holohedral, the formation of the holoaxial form {986} 
during growth can then be ascribed to no other cause. However, 
as the etching experiments were carried out on crystals of holo- 
hcdral habit (cube, octahedron), the behavior of the holoaxial 
crystals of Miers toward etching still remains in doubt. A re¬ 
markable feature of these crystals is that they have a perfect 
( 100 } cleavage, as against a moderate { 111 } cleavage in the 
crystals of common habit. This is paralleled by the ])resence in 
K 2 SO 4 crystals which have been grown, with habit modification, 
in the presence of a dye product. Alizarine Yellow 5G (49), of 
a perfect cleavage parallel to { 100 } though no such cleavage 
exists or is even vestigial in the pure ciystals. KCIO4 crystals, 
grown in the presence of method orange (39) have a fresh cleav¬ 
age parallel to { 100 } developed as well as their other cleavages 
parallel to {001} and {110}. The presence of the latter indi¬ 
cates that we are dealing with the same phase of KCIO4 and not 
with a new one, and similar remarks would seem to apply to 
IMiers’ holoaxial crystals. Hence the suggestion of Honess, that 
they may consist of a new phase, is less likely to be the correct 
explanation. 

Then there is the example of NH4CI, but here the etch figures 
may be a more reliable indication of the symmetry than the 
X-ray methods, which indicate holohedry. For the latter can 
only fix the points in the structure occupied by N and Cl atoms. 
The position of the four H atoms can manifestly exercise a large 
control over the real lattice symmetry and over the process of 
crystal growth. Furthermore there are examples where both 
etch processes and growth processes yield the same result, and 
both of these are contrary to the results of other methods. The 
nitrates of strontium, barium, and lead show in growth the form 
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(210} not as a four-faced cube but as a “pyritohedron.” Hence 
{110} planes of symmetry are eliminated. Furthermore the 
{111} form is definitely, on balance, tetrahedral in character 
(38). This observation would knock out the {100} planes of 
symmetry. Hence the combined effect is the production of the 
so-called tetartohedral symmetry (e.g., Tesseral-Polar, class 
No. 28 of the 32 classes). This is verified by etch figures on 
both {100} and {111} which are twisted away from the plane- 
symmetrical positions and, on {100}, are elongated figures in¬ 
stead of squares. However, X-ray data find no evidence of 
symmetry lower than pyritohedral (Tesseral-Central, class 30). 
The position with respect to these substances cannot be said to 
be cleared up, since, if the crystals are pyritohedral, no great 
effort has yet been made to explain what it is that causes an 
octahedron to split into two unequal tetrahedra, one of these, 
in fact, frequently absenting itself from the crystals (38, 50). 

A similar anomaly has been pointed out by Miles (51) in 
connection with the growth of crystals of lead chloride and bro¬ 
mide. X-ray analysis appears to indicate two glide planes of 
symmetry in the orthorhombic system, so that nothing less than 
hemimorphite symmetry (di-digonal polar) should be possible. 
Grown from pure solutions, the crystal habit betrays no varia¬ 
tion from holohedry. But in the presence of 0.5% to 1% dex¬ 
trin and with rapid growth, the habit is bisphenoidal. Miles 
concludes that a hemihedral crystal may be a primary product 
of crystallization, and that two crystal faces related to each 
other by apparent planes of symmetry may possess opposed 
cyclic arrangements of atoms and thus may behave differently 
toward optically active agents. This is the only known example 
of the same nature as barium nitrate and cuprite where the 
habit has been deliberately achieved by human agency. More 
examples of this nature would be welcome in view of the diffi¬ 
culties raised by Miles’s explanation. Similarly, the production 
of d- and Lbisphenoids by the appropriate d- and i-impurities 
would be a useful check. There are a number of precautions to 
be taken before one can be certain of the precise value to be 
attached to etch pits in directing us to the real symmetry of a 
crystal. The difficulty of the crystal’s relationship to the cor¬ 
roding fluid is one of these, and it has already been mentioned, 
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though there are m»t many ohservations of e\-i(l('ntial \’aliie sd 
far. 

Plate 30 sho\\> a illl) face of potasli ahmi wliieli iia< hcen 
etched witli a slip;iitly nndersatnrated sohitinn !«> prodiua* tie* 
numert)iis snialKa' etch iiil." with trigonal >ymmetr\’ at tin* top 



Plate 30. Etcli pits (smaller) and *rio\vtIi hillocks (larger) on the same 

(111) face of potash ahim. XS. 


and right-hand portions of the face. They all point toward a 
illOi face. In the lower and left-hand portions of the same face 
are a large number of bigger formations which are actually 
growth hillocks. They all point toward a (100) face. The ex¬ 
periment is easily performed. A just-saturated alum solution 
(e.g., from which crystals have ceased to grow) is divided into 
two portions and one of these diluted to the extent of, say. 5% 
to 10^ by water. A finger is dipped in this solution, brought 
into contact with a clean (111) surface for a second or two, and 





326 


DISSOLUTION PHENOMENA 


immediately dried with a morsel of filter paper held in the hand. 
The etch pits are the result. If now the just-saturated solution 
is used, the solution should be held in the form of a drop on the 
extended finger end. AVarmth and evaporation cause supersatu¬ 
ration, and after, say, about 5 seconds, the solution should be 
brought into contact with another portion of the fill) face for 
a few seconds and blotted off as before. The growth hillocks 
are the result. It is obvious jrom the shadows that the two sets 
are related as are pits and hillocks. 

Again Tolansky and Wilcock (52) have shown, in their in¬ 
vestigations of the topography of a gro^m diamond octahedron 
surface, that pits may be formed as a result of growth, each pit 
being the result of the intersection of three sheets advancing 
across the crystal surface and intersecting at 60° (120°) to each 
otlier. 

This verifies an opinion expressed fifty years earlier by Sir 
William Crookes (53) on the nature of these very same pits. 
Accompanying an extremely clear and sharp photograph of the 
formation, Crookes says (53, p. 15): 

Some crystals of diamond have their surfaces beautifully marked 
with equilateral triangles, interlaced and of varying sizes. . . . Under 
the microscope, these markings appear as shallow depressions sharply 
cut out of the surrounding surface and these depressions were supposed 
by Gustav Rose to indicate the probability that the diamond at some 
previous time has been exposed to incipient combustion. Rose also 
noted that striations appeared on the surfaces of diamonds burnt before 
the blowpipe. This experiment I have repeated on a clear smooth dia¬ 
mond and have satisfied myself that during combustion . . . the sur¬ 
face becomes etched with markings very different in character from 
those naturally inscribed on crystals. The artificial striae are cubical 
and closer massed, looking as if the diamond during combustion had 
been dissected into rectangular flakes . . . while the markings natural 
to crystals appear as if produced by the crystallizing force as they were 
being built up. 

The existence of these growth formations does not further 
concern us in the present chapter, and, in any case, viewed from 
a symmetry point of view, they present the identical information 
as do etch figures. The symmetry of the etch pits on (111) of 
potash alum is noteworthy in that the lack of {110}, dodecahe- 
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dral, planes of symmetry is not indicated. There is no need for 
the etch pits to be as symmetrically disposed as tlicy actually 
are. One interesting example of anomalous symmetry in etcli 
pits appears in Plate 31, which shows a jiortion of a magnified 
K 2 SO 4 crystal with ( 021 ) and ( 021 ) planes and grown in the 
presence of K-jCr^O?, as an impurity. Running across tliem at 
right angles to the edge (021-0211 is the trace of a twin bound- 



Plate 31. Anomalous etch pits on the {021} planes of an aragonite twin 

of K 2 SO 4 . X30. 

ary. Now the etch pits on (021) ought to be symmetrical about 
a vertical plane, but they are obviously not, and the strange 
feature is that, on the opposite side of the twin boundary, the 
polarity of the etch pits is reversed (54). The writer obtained 
anomalous etch pits on the ( 001 ) face of K 2 Cr 04 grown in the 
presence of about the same time. These exam¬ 

ples ought not to prejudice the worker against a method of in¬ 
vestigating crystal symmetry which is reliable in the vast ma¬ 
jority of cases if used with caution (e.g., no attention being paid 
to immature figures without further observations, and no sol¬ 
vents with peculiar properties, d- and /-symmetry, for instance, 
being used). In the large majority of cases, etch pits do accord 
with the symmetry of the faces, for, even when, as is usual dif¬ 
ferent solvents give different patterns of etch pit, the symmetries 
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of these are alike. Different types of face on the same crystal 
will have distinct etch pits, even if they possess the same sym- 


Z axis 




( 110 ) 



( 120 ) 


( 001 ) 



Y axis 


X axis 


Fig. 98. Etch figures on (110), (120), and (001) of topaz 


metry elements. Thus {110} and (210} in an orthorhombic 
crystal will have the {001} plane trace as a line of symmetry in 
their etch pits, but these need not be alike and, in general, are 



Fig. 99. Etch figures on (1010) and (0001) of apatite. 


different. Examples are shown in Fig. 98 where the {110} and 
(120} etch figures on topaz are given, as well as the more highly 
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symmetrical {001} etchings. In view of the probable polarity 
of the Z axis of topaz, it might have been expected that the (110} 
or {120} etchings would have shown it. Figure 99 shows how 
the hexagonal etch figures on {0001} of apatite are so placed as 
to cut out the vertical planes of s^munetry. The effect of the 
{0001} plane of symmetry is shown in the (1010) figures. The 
latter, apatite, is typical of most crystals whose behavior with 
normal etching agents is quite straightforward. 

Honess more or less dissects the process of formation of etch 
pits and points out the difficulties to be overcome before rigid 
inferences can be drawn. 

Anomalies in the Actual Development of the Etch Figures 
Masking their True Symmetry 

Honess shows that there are certain anomalies connected with 
the shapes of the etch pits themselves which make for a wrong 
interpretation of etching results and which may be, in their inci¬ 
dence, connected with directions of cleavage or of maximum solu¬ 
bility. Let us consider an etch figure which has the shape of an 
egg and another which has the shape of a flat-topped shield. In 
the one case, there are two planes of symmetry passing at right 
angles to each other through the figure, and in the other only 
one. If, now, protuberances are formed in opposite directions 
at top and bottom of the egg-shaped figure, the result is an etch¬ 
ing which appears to be of holoaxial type. A protuberance at 
the left- or right-hand side at the top of the shield-shaped etch 
figure, if unaccompanied, will cause the latter figure to become 
asymmetrical. But, since the protuberances are due to special 
circumstances surrounding the extending etch figure and its re¬ 
lationship to the lattice weaknesses (e.g., pores and grooves run¬ 
ning in directions parallel to or away from directions of maxi¬ 
mum solution velocity, etc.), they bear no necessary relationship 
to the face symmetry or to the etch-figure symmetry and can 
thus be the cause of a wrong interpretation of crystal symmetry. 
Honess, following AIcNairn, calls these protuberances “beaks” 
and classifies them as follows. 

Crack Beaks. In their course these protuberances make only 
a shallow angle to the surface (Fig. 100). More frequently than 
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not, they represent a legitimate step in the maturing of the etch 
figure, for at a later stage the beak may well develop into a 
plane, whose indices are very high, fitting into the symmetry 
scheme of the rest of the figure. The original crack beak would, 
on this showing, represent a direction of rapid solution. 



Normal Beaks. These beaks proceed at right angles, or at 
some large angle, to the surface, thus striking into the interior 
of the crystal from the base of the etch pit. Regarding the nor¬ 
mal beak, Honess states: “There can he little doubt that the 
beak is the normal product of special conditions of etching based 
upon differential solutions and that it is often a source of mis¬ 
interpretation.” 

Different solvents act in different ways, and beaks may be 
entirely suppressed by the choice of suitable solvent agents. For 
instance, beaks formed by HCl on calcite disappear when the 
solvent is replaced by citric acid. This is apparently the ideal 
to strive after when using the etching method. 

Tubular Beaks. These are also called solution channels. They 
usually coincide with cleavage directions of extreme solubility, 
such as in the base, {001}, of apophyllite. They may also be 
related to the channels formed in primary crystallization when 
this is rapid. Perhaps it is as well not to stress the subject of 
beaks further than this lest the suspicion arise that the etch 
method is too complicated or too uncertain. This is not so, but 
it is as well that the experimenter should be on the look-out for 

possible difficulties in the technique. 

In a recent paper (12) Honess has corroborated the earlier 
observations of Royer on the influence of substances possessing 
d~ and ^-symmetry in solution on the symmetry of a crystal sur¬ 
face. In a crystal like calcite, where groups (e.g., CO 3 radicals) 
exist in the structure with two orientations, it is possible for suit¬ 
able (not all) d- and /-acid reagents to pick out the suitable 
groups for temporary adsorption on. Honess says they will then 
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yield the “atomic” symmetry of tlie surface rather than the geo¬ 
metrical. Examples of a symmetrical solvent, a dextro-solvent 
(d-gluconodeltalactone) and the corresponding laevo one on the 
pair of scalenohedral facets of calcite, are sliown in Fig. 101. 

Honess' observations on the j^rimary rhombohedron of dolo¬ 
mite, etched with ^-malic acid, are interesting as tliey seem to 



Fig. 101. Etching of the scalenhedron of calcite hy in), citric acid and (h) 

and (c), d- or /-gluconodeltalactone. (After Hone.s.s.) 

show that (100) and (100) are intrinsically different. The sym¬ 
metry appears from this to be trigonal jiolar, not hexagonal 
alternating (Fig. 102). 

It is not generally known that, in addition to helping in the 
assigning of the correct symmetry to a crystal, etch figures may 
on occasion be used to ascertain if certain crystal-grain surfaces, 
cropping out on a test piece or other surface, are i:)lanes of low 




Fig. 102. Etch figures on (1011) and (1011) of dolomite. (After Honess.) 

indices and what the twin relationship between two portions of 
a twinned grain is. The geometry of the cubic system allows 
every plane of low indices in one portion of a twin to be a plane 
of reasonably low indices in the other. It is not difficult to 
calculate these relationships for the commonest twinning—on 
the spinel law—and an inspection of an etched surface contain- 
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ing numerous grains is found to verify the relationships deduced 
and so to discover the etch pit belonging to any of the faces 
involved. For a plane, which extends through both halves of a 
twin grain, has indices in these halves which are related to one 
another by the same law as connects (hkl) and (hikili), the 
direct and inverse rhombohedron, respectively, in the hexagonal 
system (using IMillerian indices). We then have 


h\ = 2(/i -f- A; -j- — 3/i 

k\ = 2(/i -|- -f- Z) — 3/u 

l\ = 2(/i k 1) — 31 

In grains with a twin boundary running across them, the rules 
provide a ready means of ascertaining the nature of the lattice 
planes on each side of the boundary when these are not compli¬ 
cated. In practice, the following are usually found (after deep 
etching) on a-brass, placed in descending order of frequency; 


100 

110 

110 

111 

111 



122 

TlO 

114 

TTS 

111 


It is relatively simple to pick out the etch pits corresponding with 
each type. Their orientation, too, with regard to the twin bound¬ 
ary is not difficult to calculate. There are only three “cube’' 
planes of symmetry [vdz., (100), (010), (001)] and six “dodeca¬ 
hedron” planes of symmetry [viz., (110), (110), (101), (lOT), 
(Oil), (011)] possible in the cubic system, and one or more of these, 
by intersecting the given face, provides us with that zone axis 
which is the line of symmetry of the etch pit. Thus, as the (iTO) 
plane of symmetry intersects the (111) face, the line of symmetry is 


111 

iTO 


(i.e., [112]). 


Similarly the twin boundary (examine a model 


of a spinel or fluorite twin) is the intersection of the face with the 
unique (111) face (normal to the twin axis). With the (111) 


face the line of intersection is 


111 

111 


(i.e., zone axis [110]). The 


angle between the two zone axes is readily found by 
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cos PQ = 


U 1 U 2 + ^ 1^2 + W\IV2 


V Wi“ + U2^ + C 2 " + «'2^ 


where P is the zone axis and Q is [^/ 2 ^’ 2 »’ 2 ]* On substitu¬ 

tion of [112] and [110] in the equation, the numerator vanislies 
(i.e., cos PQ = 0, or PQ = 90°). Thus the etch pits, on (111 ) 
of a twin grain, point symmetrically toward the twin boundary. 



id) (e) 

Fig. 103. Five examples of “spinel-twin” juxtapo.sitions, found in etched sur¬ 
faces of a-bra.ss. (Wood and Buckley.) 

Similarly (115), or any other face, can be worked out. The more 
likely possibilities were evaluated by the writer for J, Wood’s 
thesis in 1940 (40). 

The appearance of a twinned grain whose half consists of any 
one of the left-hand five faces will have for its other half, across 
the twin boundary, the corresponding face on the right hand. 
The pictures in Fig. 103 show the etch pits found on a-brass. 
Plates 32 to 35 are actual photographs of four of these. Owing 
to the common occurrence of these and the symmetry elements 
attached to them, identity is very easy. In the (iTO)-(TlO) 
transformation, each etch pit has two symmetry planes, one of 
which points to the twin boundary at an angle of 35° 16'. In 
the other cases mentioned the etch pits fall on the twin boundary 
with normal incidence. The method may be more useful on 
account of the fact that there is usually preferred orientation 




>>' Al.l 






Plate 33. Twin grain in a-brass; (110) opposed to (110). (Wood and Buck- 

ley.) X200 approx. 


KTCH FKU’HKS 


Pla i'k 34. 


Plate 35. 




Twin a-brass: (110) opposed to (11 1). (Wood and Huck- 

ley.) X200 approx. 



Twin grain in a-brass; (111) opposed to (115). (Wood and liuek- 

ley.) X200 approx. 
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due to rolling, drawing, etc., and so the above-mentioned planes 
are present in far greater numbers in a jumble of crystal grains 
in a surface than statistically they should be entitled to be. 

The nature of the facets bounding these etch pits is similar to 
those found by Fujita (55) to be present on aluminum, etched 
with a number of different reagents. 

Another feature of etching which does not yet find a ready 
place in our understanding is that found by Piaw (56). He cut 

plates of right-handed and left- 
handed quartz parallel to the basal 
plane (usually non-existent on 
quartz). These were etched by hy¬ 
drofluoric acid in electric fields of 
3000 to 10,000 volts, or more, per 
millimeter of thickness. With weak 
fields the triangles are bounded by 
lines which are sensibly parallel to 
the electric (two-fold) axes inclined 
at 120° to each other, but, as the 
field strength is increased, devia¬ 
tions up to 10° from these positions 
are found in the boundary edges. 
These are shown in Fig. 104a. 
Compare these with etch pits from 
a quartz plate temporarily in pos¬ 
session of the writer (Fig. 1046), history unknown, apart from 
prolonged etching. In these, the triangles were symmetrical, but 
the striations indicated d- and ^-symmetry. 

It is evident that the classical methods of approach to crystal 
identification have not yet been drained dry. It is also clear 
that we do not yet know all that is desirable about the phe¬ 
nomena associated with the dissolution of crystals, either by an 
undersaturated solution or by a corrosive liquid. 
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Crystal IIalj)li ^loilificatioim 



Impiirities 


It is not the purpose of the writer to Iciui the reader gradually 
up the path of habit changes in crystals l)y means of a lengthy 
“historical’' section. This has been done in the past by a number 
of authors, including the writer (1, 2), and in several languages 
and there has been rather much of a tendency to harp on the 
few, almost paltry, examples and to regard these by themselves 
as capable of furnishing the material basis for a theory. It is 
not proposed to burden the present chapter with more detail than 
is necessary to lurnish proof or disproof of any given viewpoint. 
All important examples of habit changes by means of impurity 
up to date will be presented in the Appendix. 

The first business to settle is what we mean by an impurity. 

What Is Meant by “Impurity" 

Most crystallization involves the separation of a solid phase 
fiom a liquid phase. In the simplest case of all, there may be 
only one component and the liquid is then but the fused solid. 
The other case, where a crystal of, say, A separates from a 
liquid consisting of a solution of A in fused is perhaps com¬ 
moner. Whereas in the former arc grouped all separations of 
simple metals, in the latter are grouped all those examples of 
ciystals obtained from aqueous solution. Changes in the solid, 
as, for example, the breakdown of a crystal by heat or the loss 
of water of crystallization at ordinary temperatures or recrystal- 
lization of metals, are examples where there is no liquid phase, 
though there may be a gaseous phase consisting of some decom- 
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position product. We shall not concern ourselves here with these, 
though sublimation phenomena, where the crystal material itself 
enters the vapor phase, should come strictly within our province. 
Where crystallization takes place from the fused state, or from 
a vapor, it is possible to imagine the process as occurring without 
the presence of impurity; by the latter expression, we mean any¬ 
thing whatever except the one single component. Crystallization 
from solution—a fusion of two components should be regarded 
as a solution of the one in the other—can occur only in the pres¬ 
ence of the second substance, and, if we are to be strictly logical, 
this second substance should be regarded as an impurity. If we 
were comparing the process of crystallization of, say, rock salt 
from the fused condition and from the solution in water or other 
solvent, it would indeed be necessary to regard such solvent as 
an “imiiurity,” but, apart from such a consideration, this is not 
the interpretation that is usually put upon the term. Perhaps 
more legitimate would be the application of the term “impurity” 
to some decomposition or ionization product of the said solvent. 
For example, water ionizes slightly, with the formation of H and 
OH' ions. In the presence of certain salts which possess an 
acid or alkaline reaction in aqueous solution, there may be a 
considerable concentration of one of these ions. Examples imme- 
diatelv to hand are: alkaline, Na 2 C 03 , borax, K 2 HPO 4 , Rochelle 
salt; acid, NaHS 04 , acid potassium tartrate, KH 2 PO 4 , K 2 Cr 207 , 
oxalic and tartaric acids. 

Hence there is always the possibility that the common habit 
of such salts is already modified by one or the other of these 
ions. Saylor (30) has taken stock of this particular possibility, 
though the addition of small quantities of free acid or alkali^, 
which should make a very material addition to the H or OH' 
ion concentration, does not appear to make any great difference 
to the large majority of crystals. Alum is an exception,^ but 
even here we are uncertain if the effect is due to the OH ion 
or to a complex decomposition product of the alum. The latter 
suggestion is favored by the fact that Bismarck Brown, a neutral 
but complex substance, will produce a similar result (3-5). 
However, whether they are likely to have any influence or 
not, H- and OH' must be regarded as ever-present impurities, 
in the strictest sense of the term, in aqueous solutions. There 
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are other impurities of this nature such as cannot be eliminated, 
including the water molecule itself, free or associated. Again, 
when an orthophosphate is dissolved in water there is necessarily 
a concentration, however small, of other phosphate ions. There 
are three possibles: PO 4 '", HPO 4 ", and H 2 PC) 4 '. In a solution 
of K 0 HPO 4 , there will always be a small proportion of the other 
ions, which will vary as we alter the acidity. Hence, neither 
HPO 4 " nor H^P 04 ' salts can be grown from a solution entirely 
free from the other ion or the PO 4 '" ion. Here, again, it would 
be impossible to assess the influence of the impurity. Wells ( 6 ) 
emphasizes this relationship between crystal surface and solvent 
and has carried out a number of experiments which show that 
in many cases it cannot be ignored. For instance, pentaerythri- 
tol grows from aqueous solution in the form of a tetragonal 
bipju’amid, but, on changing the solvent to acetone, tetragonal 
plates on { 001 } result and these are unstable to a supersaturated 
aqueous solution. Again, aspirin grows as long needles from 
water, benzene, etc., but can grow as plates from certain sol¬ 
vents (7). Wells ( 6 ), after giving several examples of this 
change of habit with solvent, says: 

. . . we shall adopt the viewpoint that all such phenomena as the 
dissolution of a crystal, the separation of a solid phase as a colloidal 
suspension, as compact crystals or as fine needles must be resarded as 
manifestations not only of the way in which the primary particles of 
the solute interact one with another but also of the way in which sol¬ 
vent and solute interact. The very fact that many substances crystal¬ 
lise with different habits from different solvents shows that we must 
generalise the idea of habit modification by adsorbed impurities and 
extend it to include interaction with the solvent . . . For ionic crystals, 
e.g. alkali halides, crystallising from water, interaction is of negligible 
importance in determining habit except possibly for the fluorides. 

The large proportion of habit changes recorded in the litera¬ 
ture have been associated with aqueous solutions, and only occa¬ 
sionally with alcoholic or other solutions. It will as a rule be 
found that only the added impurity need be considered, and 

usually when we speak of “impurity” we mentally restrict it to 
denote this. 

Most minerals have been formed in the presence of one, two, 
or more substances. In the thousands of variations which nature 
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has been able to supply, she has been eminently successful and 
has produced habit changes in almost everything she has grown. 
The results are petrified in more senses than one, however. For 
it is impossible, without a large mass of data to work upon, to 
know anything about the laws which govern the effects of impuri¬ 
ties on minerals. And, among the many different habits of min¬ 
eral crystals, how is one to fix a standard habit with which to 
compare all the other modifications? Such a standard habit 
could scarcely be calculated even if exact knowledge of atomic 
forces ivere possible, for we do not know which of the many 
possible solvents to adopt, and each of them might lead to a 
different habit. There is no doubt, indeed it is self-evident, that 
the space lattice is one of the determining influences on the 
crystal habit, otherwise we should not see so close a relationship 
between lattice symmetry and external symmetry, and it is pos¬ 
sible that some of the commonly found crystal habits are mainly 
conditioned bv the dvnamics of the lattice. But where there are 

V ^ 

many crystal habits, and especially where these differ greatly, 
it is no easv matter to determine which is the standard one, die- 
tated by lattice dynamics alone. Even where there appear to be 
no impurities (other than the inevitable slight traces of H and 
OH' ions), there arc distinct differences between similar lattice 
types (Fig. 105). Thus the common habit of K 2 SO 4 shows {021} 
predominant (81, K 2 Cr 04 has {011} (9), and (NH 4 ) 2 S 04 {010} 
predominant. The purest KMn 04 crystals (10, 11) show {102} 
predominant, and the purest KCIO4 (12, 13) shows {001} pre¬ 
dominant. But (to revert to tlie mineral world) which of the 
many types should be considered the standard or lattice depend¬ 
ent type of habit for barytes? Is it when tabular on {001} and 
bounded by {110}; or when elongated on {102} or on {101} or 
on {011} or when, more rarely, prismatic on {110}? No doubt, 
when the laws relating to habit modification are more fully 
understood, a large chapter in the natural history of minerals 
will be opened up. But the preliminaries necessitate an investi¬ 
gation in which the crystallizing substances and the impurities 
can be chosen and varied as progress demands. It is in the 
latter field, therefore, that most information during the past cen¬ 
tury and particularly during the past two or three decades has 

been looked for and gleaned. 
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WHAT IS MEANT BY “IMPURITY” 

There is still another type of particle which may be present 
in a solution during crystallization, and its status as an impurity 
will not be considered. 

Frequently there will be present, in the solution of one sub¬ 
stance, an ion which is capable of entering tlie lattice of this 
substance freely. Thus over a comj^lete range of compositions, 
the Cr 04 " ion can enter the K 2 SO 4 lattice, K:>Cr 04 and K:>S 04 
being isomorphous. Many so-called isomorphous mixtures are 



(NH 4 )i>S 04 crystals. 

miscible in all proportions, and, in a true mixed crystal, some 
proportion of the one to the other may be carried down to each 
tiny crystal fragment consisting of only a few molecules. In 
many such cases, it may be better to regard the crystal formed 
as a pure” crystal, when the presence or absence of certain 
facets will be more likely a problem determined mainly by the 
dynamics of the composite structure. Then the minority ions 
(e.g., CrOi" in a solution consisting chiefly of KoSo/) will 
scarcely be regarded as impurity. For, if an ion‘has eciual 
facility for entering or leaving the surface structure with the 
ions making up the major part of the crystal, there seems no 
reason why such entry or egress should have any of the disturb¬ 
ing effects which a more foreign type of ion would have Al¬ 
though observation indicates that a closely related ion, such as 
CrO," to SO4" and Mn04" to SO4" or Mn04' to CIO4', has some 
power to alter the habit, part of this, at least, may be traced, 
as just mentioned, to lattice dynamics rather than to active sur- 
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face interference, and this problem—the progressive change of 
habit of a series of mixed crystals—is a problem which appears 
to have a minor bearing on the problem of impurities. In the 
usually accepted sense, therefore, an “impurity” is a substance 
which is not sufficiently related to be isomorphous with the parent 
or “host” lattice. It may be a decomposition product, such as 
the material obtained from alum by the addition of alkali, or 
Cr207" derived from Cr04" by the presence of acid bodies with 
K2Cr04; or it may be a dissociation product, as is HPO4" from 
PO4'"; or, on the other hand, it may be anything whatever which 
is soluble to the slightest extent in the same solvent. Many sub¬ 
stances exist, also, which will not form mixed crystals but which 
are so near, in size and shape, to those which do that some effort 
to enter the parent lattice might be expected, as, for example, 
the numerous oxy-ions, CO:/', SCO4", CIO3', NO3', PO4'", etc. 
The remarkable thing is that nearly all salts which form these 
ions on dissolution have some habit-modifying influence on other 
crystals with similar, but non-isomorphous, ions. In concluding, 
it is pertinent to inquire where the seat of the habit change is 
located. The answer to this question is not far to seek. Just as 
all crystallization is purely a surface phenomenon, the only 
“live” portions of a crystal being the contacts of the several sur¬ 
faces with the mother liquor, so all crystal habits exist in embryo 
at these surfaces. Any influence which causes an alteration in 
the rate of deposition on any given surface will, sooner or later 
according to its potency, influence the crystal habit. Although 
the physical properties which depend solely on the outermost 
surface plane are few (resistance to etching or dissolution is an 
important one), the crystal as a whole consists of all the surfaces 
of its life history integrated into a single whole. Any weakening 
of the surface strength by impurity has repercussions in other 
directions. In fact, practically all the “structure-sensitive” prop¬ 
erties noted by Smekal and his school are due to incidents in the 
life history of the crystal which of necessity have occurred at 
the surface at some particular instant of time. Impurities there¬ 
fore are important in the study of most crystal properties, 
directly on the habit and indirectly on other properties. Fur¬ 
thermore they are beginning to be used in industrial processes. 
The use of iron as an impurity in the growth of large ammonium 
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dihydrogen phosphate (ADP) crystals to stimulate prism growth 
is quite a common practice (14).* The change of luibit of 
ammonium sulphate from tablets on {010} to stout pseudohexag- 
onal prisms by the ferric ion and lowered pH has led to the pro¬ 
duction of huge quantities in a better marketable form with 
minimum clogging [Adam and Murdoch (15)]. 

Recently AVhetstone has put forward another method of pre¬ 
venting clogging in the hygroscopic ammonium nitrate (16) or 
sulphate, or indeed any water-soluble salt whose habit can be 
strongly modified. Caking during storage is due to dissolution 
of salt by adsorbed or included moisture, with redistribution of 
the solid, on recrystallizing, to form strong connecting bridges 
between individuals. If the crystals are coated beforehand with 
a very dilute solution of a potent dye, these bridges consist of 
crystals of modified habit and, being very friable, easily break 
down on handling (i.e., the “cake” then possesses practically no 
mechanical strength). 

Habit Modification—The Earlier Work 

Mention of habit change always recalls the two classical ex¬ 
amples mentioned in the textbooks (viz., the formation of octa- 
hedra of common salt from brines containing urea by de Lisle 
(17) about 1783 and of cubes of alum by means of alkali by 
Leblanc (18). According to Groth’s Chemische Kristallographie 
(Vol. 1), Siefert mentions the first of these in his Taschenbuchj 
published in 1780. 

Beudant (19) extended their results and found that borax 
would effect the change with alum; also that strong HCl induced 
the pyritohedral faces {210} to develop on the latter and so 
betray its true symmetry. Beudant, even with the limited knowl¬ 
edge of the earlier atomic theory, was anxious to trace the rela¬ 
tionship between habit change and impurity structure. He ulti¬ 
mately found what little importance was attached to researches 
along these lines and derived a more congenial outlet for his 
labors in the devising of excellent French Grammars. Unfor- 

* It has the drawback of promoting tapering toward the ends of the 

prism, and many firms (e.g., The Bell Telephone Co.) dispense with it for 
this reason. 
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Innately, the latter outlet would appear to be barred to the 
modern researcher along the same lines. 

von Hauer and his pupil von Foullon did much spade work 
on the properties and growth together of isomorphous crystals 
and discovered the next important habit modifications (viz., the 
change of NaClOs to the tetrahedron by means of NaC 104 or 
Nai»S 04 , and the growth of bisphenoids of magnesium sulphate 
heptahydrate due to the presence of borax). Their works appear 
in a set of publications of the Vienna Reichanstalt in the 1870's 
and ISSO’s (20, 21). Lehmann’s two volumes, Molekularphysik, 
give numerous examples of the crystallization of substances with 
various impurities, but his emphasis is rather on the inclusion of 
A in B, wari)ed growth, etc., and all are performed on the stage 
of a microscope where exact detailing is difficult. Retgers (22) 
found that ammonium chloride appeared to grow as “cubes” in 
the presence of urea or certain chlorides (e.g., of the metals Co, 
Ain, Ni, etc.). His best discovery was that of the production of 
tablets of KNO 3 , instead of tiie usual long needles, by addition 
of Nigrosine (Colour Index No. 865) to the solution (23). This 
brings us to the present day, and we cannot do better than 
begin with the views of Gaubert, whose interest in crystal growth 
has extended for a period of fifty years, from the 1890’s to the 
j)resent time. 

Althougli his work has been intermittent and discursive, Gaub¬ 
ert first advanced an idea clothed in the word “syncristallisa- 
tion,” which is still popular at the present time. His first major 
find was that lead and barium nitrates, grown in the presence of 
the dye Methylene Blue (Colour Index No. 922), crystallize as 
cubes instead of the usual octahedra or tetrahedra. To achieve 
this end, a relatively large amount of impurity has to be em¬ 
ployed; in fact, the dye also was approximately saturated and 
ready to crystallize in the solution. This feature was for a 
time the overriding one with Gaubert, and he announced the 
view that the habit change was actually caused by the laying 
down of microscopic crystals of methylene blue on the { 100 } 
planes of the crystals, thus retarding their growth, while no such 
event was occurring on the {111} planes. Unless the concentra¬ 
tion of the dye was great enough to achieve this, no habit change 
would result. To quote (24, p. 77, line 21). 
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En effet, clans une solution laissant deposor dii nitrate de ploinb ct 
saturee de bleu de methylene, sans cependant donner des cristaux do 
cotte derniere substance, les cristaux de I’azotate no sont pas du tout 
modifies, ils sort en octaedres et incolores; mais des cpie la matiere 
colorante syncristallise avec eux, les faces du cube apparaissent et finis- 
sent par exister seules. 

This, too, has been the writer’s experience with methylene blue 
and lead nitrate. A very strong solution of the dye is necessary 
to produce an cfYect, though whether the syncrystallization causes 
the habit change or merely accomjianies it is a furtlier question. 
Almost simultaneously, after working with K 2 SO 4 crystalliza¬ 
tions performed after the manner invented by Alarc (see Chap¬ 
ter 1) and using Alethylcne Blue, Bismarck Brown, and the sul- 
phonate dyes—Quinoline Yellow, Patent Blue, and Ponceau Red 
—Wenk arrived at almost identical conclusions. He says (25, 

p. 160): 


Die Farbstoffe ergaben einen doppolton Parallelismus zwischen Kris- 
tallisationsgeschwindigkeit, Kristallhabitus und Adsorption, d.h. Fiir- 
bung der Kristalle durch don FarbstolY, insofern, als die FarbstolTo, die 
die Kristallisationsgeschwindigkoit stark bceinflussen, don Habitus stark 
verandern und den Kristall stark farbon, also stark adsorbiert worden 
, . . dass endlich Farbstoffe, die die Kristallisationsgoschwindigkoit nur 
wenig Oder nicht beeinflussen, den Habitus unvenindert lassen und don 
Kristall auch nicht farben. 


Wenk actually used some of the identical materials used by the 
writer but described the habit changes in general terms. A closer 
inspection of the results could but have led to the conclusions 
later arrived at by the writer. 

It was not long before so keen an experimenter as Gaubert 
found many examples where the dye caused an effect without 
the necessity for its own crystallization in the body of the 
crystal. In a work shortly after the above (26, p. 19), he speaks 
of a different mode of incorporation of the dye particles, when 
the solution can be far from saturated: 

Dans tous les cas, sous I’influence d’une ou de plusieurs particulcs 
cristallines incolores, les molecules colorantes se repartissent de fagoii a 
former un reseau dans le cristal et on a par consequent deux mailles 
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superposees. La maille des molecules de la matiere colorante varie 
dans chaque sorte de secteur d'un meme cristal. 


Gaubert still included this latter mode of inclusion under the 
teim syncristallisation.” Possibly owing to the appearance of 
a number of papers dealing with the same topic, by the writer, 
Bunn, and others, Gaubert clarified the position somewhat—and 
his nomenclature too—in a paper dealing with habit changes 
and inclusion of impurity in crystals of phloroglucinol (27). 
Here he definitely restricts the term “syncristallisation” to those 
examples which cannot be produced except at great strength of 
impurity and, naturally, parallel crystallization of the latter in 
the host crystal. He says (27, p. 1120); 


J’ai deja montre que si le facies des cristaux etait modifie par la 
presence de matieres etrangeres dissoutes dans I’eau mere, ces dernieres 
passaient regulierement dans le cristal en voie d’accroissement. Cette 
association des deux corps se fait par deux precedes bien differents: 
1 , s\ ncri.stallisation de la matiere etrangere avec la substance et e’est 
a ce cas que s applique la theorie de L. Royer sur les modifications du 
facies; 2 , formation d une solution solide, la matiere etrangere n'ayant 
aucune de ses proprietes cristalline dans Tedifice commun, qui est celui 
de la substance predominante. 


It would appear that Gaubert^s views have been sufficiently 
described in the preceding paragraphs, but there are later exten¬ 
sions by other workers which will be taken up and discussed 
presently. 

In the meantime, one or two other viewpoints bearing no rela¬ 
tion to Gaubert’s ideas nor to their later developments will be 
dealt with first. In one of these, Walcott (28) tried to interpret 
his results for the nitrates of barium and lead in terms of the 
solubilities of crystal and impurity. Over a limited field of 
research, this as well as other hypotheses may appear to be 
feasible, but a further extension of the field will soon rule it out 
of court. In the writer’s own researches, there appears to be 
no definite connection between solubility and habit modification 
except the obvious one that, if an impurity is quite insoluble in 
the saturated solution of another substance, no influence on the 
growth of the latter can be anticipated. The dyes Eosamine B 
and G (Colour Index No. 119, made by Actien-Gesellschaft) are 
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relatively soluble and yet are the least “active’’ of all dyes with 
the exception of those that can be described without hesitation 
as “inactive.” Sulphon Black (Colour Index No. 271 ) is “salted 
out” by both KCIO3, KoSO^, KoCr04, and potash alum. With 
the two latter crystals, there is no effect, but with the two 
former a sufficient vestige dissolves to produce a fairly strong 
habit change, far superior to the effect of, say, the very soluble 
Cr04" ion in its modification of the habit of KClO.t crystals or 
of the S2O3" ion (the strongest of the inorganic ions in this case) 
on K2SO4 crystals. Much more data could be introduced along 
similar lines but sufficient is known now of habit changes to indi¬ 
cate that solul)ilitv alone is a verv minor influence. However, 

V V ^ 

Frondel ( 29 ) does not entirely rule the idea out since he groups 
the three ions Se04", Cr04", and SO4" in order of solubilities 
(descending) and compares this with their effectiveness on 
KMn04 crystals ( 10 , 11 ). There appears no reason to take 
these three examples from their juxtaposition with other effec¬ 
tive ions su(‘h as Cr207" and PO4'", etc. 

Another view, put forward by Saylor ( 30 ), is not really a 
digression from the beaten track as is Walcott’s but is treated 
separately because it represents a case of oversimplification of 
the problem and is not sufficiently well backed by evidence to 
justify adoption in its original form. Saylor’s view is that cer¬ 
tain configurations in an impurity molecule may act as almost 
universal habit modifiers, though the influence these will exert 
on different types of crystal will not necessarily be the same. 
The examples he cites are, unfortunately, by no means universal 
habit changers (viz., the H* or OH' ions produced by the dis¬ 
sociation of water). In the change brought about by alkali on 
alum crystals (octahedron to cube) it is, as likely as not, some 
complex ion or molecule in the solution, due to the alkalinity, 
which does the work, since the complex ion of Bismarck Brown 
will achieve the same. The occurrence of { 210 } faces on alum, 
due to the addition of HCl, is also due to some secondary prod¬ 
uct and not to the H' ion, as no other acid will produce the effect. 
Saylor, however, did not limit himself to the H' and OH' ions 
but admitted the possibility of other configurations having the 
more or less general effectiveness he suggested was possible, 
though he had no good examples of it when he wrote down his 
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views. Although they were unknown to Saylor at the time, 
certain of the dye-molecular configurations worked upon by the 
writer are the nearest approaches yet to the universal habit 
modifiers. And the best of these slips up in certain cases. For 
instance, most of the potent sulphonate-dye configurations are 
ineffective on lead and barium nitrate crystals, though the 
'‘lowly” methylene blue is able to do something in this direction. 
France, in a series of papers, disputed the universality of the 
iiabit change and maintained that every single example was 
specific to the growing crystal surface and to the impurity mole¬ 
cule. His views will be dealt with later. In the meantime, a 
more recent extension of Gaubert’s “syncristallisation” idea, 
particularly in the liands t)f Royer and Bunn, will next be re¬ 
viewed, with some earlier observations of the writer. Starting 
from Gauhert’s original views on habit modification, Bunn (31) 
gave further examples of the apparent connection between depo¬ 
sition of layers of impurity crystal in the growing “host” crystal 
and modification of the habit of the latter. Citing numerous 
cases, both from his own observations and from earlier litera¬ 
ture, he concludes that the formation of mixed crystals, of orien¬ 
tated overgrowths, and the change of habit of growing crystals in 
the presence of impurity arc all related phenomena. Thus, if a 
substance A can grow in parallel position (i.e., with some impor¬ 
tant face and zone axis parallel) on a surface of crystal B, it 
should be possible for substance B to grow on some face of 
crystallizing A. In each case, modification of the crystal habit 
ought to be expected. Further details on parallel deposition of 
two crystals (Royer’s “epitaxis”) will be given in the next 
chapter, but it can be mentioned here that the principal condi¬ 
tion for it is a near approach to identity in the dimensions of 
the two planes involved, particularly between atoms of similar 
type and sign. Bunn quotes, with diagrams and photographs, 
such cases as ammonium chloride and urea, the ( 100 ) planes of 
the former being attached to ( 001 ) planes of the latter so that 
the prismatic crystals of urea stand out at right angles to the 
cube surfaces of NH 4 CI, with their 110-001 edges parallel to a 
cube axis. Both habits are modified. Other instances are: com¬ 
mon salt with urea, KCIO3 and KjVIn04, lead nitrate and methyl- 
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ene blue, and urea oxalate and metliylene blue (32). Bunn’s 
views may be further elaborated by quotations (31, p. 576): 

The adsorbed layer need not be continuoxis. Sometimes, as in the 
growth of modified crystals in solutions containing very small amounts 
of impurity there may be isolated molecules or ions of imi)urity here 
and there on the growing crystal-face. Perhaps the most satisfactory 
conception of the necessary conditions for strong adsorption covering 
these systems as well as continuous layers is this—when the crystal face 
has a structure similar to that of a face of a crystal of the adsorbed 
substance, a particle of the latter will adhere to the crystal face just 
as it wovild to the corresponding face of its own crystal, since it experi¬ 
ences similar forces. 

A little farther on, he explains why: 

A certain amount of impurity is always included in those regions of 
the crystal built up by deposition on the affected face, forming an un¬ 
stable mixed crystal. The fact that the mixed crystal is unstal)le gives 
the explanation. On the growing face, particles of impurity are 
strongly adsorbed, together with particles of the main substance; when 
more material is deposited on these, an unstal^le mixed crystal is 
formed which, being unstable, tends to redissolve, the not result being 
that the rate of growth is lower than it would be in the absence of 
impurity . . . there is an attempt to build up a pure crystal, since the 
mixed crystal is unstable, hut the impurity is adsorbed so strongly that 
it is difficult to eject it and it is the conflict between these forces that 
is responsible for the reduction of the rate of growth. 

It will be noted that, even where the impurity is dilute, as in 
GauberPs second type (viz., “solid solutions”) and where Bunn 
admits that the surface may be peopled in places by one or 
only a few' molecules or ions together, the same condition is 
maintained (i.e., there are, in the crystal structures of the two 
substances, crystal and impurity, planes in which significant dis¬ 
tances of separation of ions or groups of like sign are approxi¬ 
mately equal). This same theme w’as taken up by Royer (33) 
and Frondel (34). 

For a proper understanding of the position occupied by this 
school of thought, comparison should be made with the main 
alternative theory, suggested by Buckley a little previously. In 
his earlier w'ork, the inorganic oxy-ions, Cr 04 ", SO/', CO;/', etc., 
were used as impurities in the study of crystals possessing the 
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same types of anion (e.g., effect of SaOs", etc., on NaClOg crys¬ 
tals, of S04^^, etc., on KMn04 crystals). Buckley’s view was 
that the impurity ions were distributed with some show of sta- 
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Fig. 106. Occasional nature of adhesion of impurity ion to crystal surface. 

tistical evenness throughout those parts of the grown crystal 
which had passed into the interior via one of the affected faces 
(Fig. 106), while in highly concentrated impurities several ions 
of the latter might get together (Fig. 107) with some cations and 
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Fio. 107. Impurity ions in “syncristallisation.” 

form localized crystals of the impurity on the surface and get 
incorporated by subsequent deposition. Buckley considered this 
to be merely incidental and quite inapplicable in cases where 
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only minute traces of impurity were needed to cause a hip; hal)it 
change. The original notion was that ions like 820;/', SO4", 
CIO4' worked upon a growing NaClO;^ surface (tetrahedron I by 
virtue of an oxygen triangle in the ion deputizing for an ion of 
the crystallizing substance ( 35 ). In a later paper, when the 
case of KMn04 crystals was considered (11), it flid not appear 
probable for the 0;t triangle of an ion to be involved, but more 
likely in many cases an Oo edge of the oxy-ion. Later (1), the 
latter was also regarded as the usual mode of attachment of the 
far more powerful organic suli:)honate ions. 

It would appear as if the main difference between the two 
viewpoints is one of emphasis. If an ion of impurity has suf¬ 
ficient in common with a growing crystal surface as to adhere 
to it, it seems possible that, if it is not far removed in its dimen¬ 
sions from the alternative ion which it is replacing, it could 
gather to itself cations when present in sufficient quantity in the 
common solution and form its own crystals, and the size ami 
l)osition of such would naturally be conditioned by lattice di¬ 
mensions and overall similarity in the two cases. These, accord¬ 
ing to the degree of intimacy of the crystals, would be our 
mixed crystals or overgrowths or parallel growths. But, when 
the ion is of such a shape and size that such a correspondence is 
ciuite out of the question and the only feature common to the 
growing surface ion and the impurity is some small portion of 
a group at one end of the latter, we are driven to conclude that, 
if such cases as the latter are found to exist, they provide better 
examples of pure habit modification than the others, for here 
would be an attachment of the imj^urity ion divorced from some 
spurious similarities. Do such exist? Undoubtedly. There is 
a relatively huge series of organic compounds in the water-soluble 
dyes. These have been manufactured for an entirely different 
purpose, and in the scramble for better and better results—on 
the cloth—more and more dyes with varying constitutions have 
been manufactured until there must be getting on for a thousand 
of them, all ostensibly with certain formulae, but in many cases 
consisting of mixtures of chemical isomers, occasionallv even of 
two or more unrelated or only partly related configurations. In 
spite of their drawbacks, the dyestuffs have exercised a fascina¬ 
tion over workers in many branches of science, including crystal- 
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lography. To the writer, who never possessed the facilities, or 
time, to prepare anything at all complicated in the chemical line, 
they afforded a large library of chemical configurations, details 
of which were approximately known and largely available on 
request. In the earlier works (1, 36) a group of about 100 dyes 
were investigated, referred to references ( 1 ), (36), and (13). 
The lesser of these possess a configuration based upon either 
naphthaquinone or aminoazobenzene, and there is every conceiv¬ 
able variation in size until we reach the larger disazo- and tris- 
azo-dyes. 

It seems impossible to credit that, when practically every one 
of these configurations has effective power to modify several 
types of crystal surface, the conditions required by the theory 
adopted by Bunn and Royer should hold. There is no evidence 
whatever tliat there is any lattice similarity in these cases—only 
analogy from the far simpler inorganic compounds (plus urea). 
Again, it is impossible to reconcile this theory with the wide 
divergencies which appear in the performance of different mem¬ 
bers of the suli)honate-dye group. 

As a rule, wliere an effect is observed produced by the in¬ 
organic ions or by urea, the concentration of impurity is of the 
order of equality with the crystallizing substance, the strongest 
being SO 4 " on KMn 04 at 1 in 7; Cr^Or" on KAIn 04 at 1 in 10; 
SiiO.j" on K 2 SO 4 at 1 in 100; on NaClOs at about 1 in 1000 . 

Usually, however, the proportion is nearer unity. But the 
strongest oxy-ions are mostly weaker than the weaker sulpho- 
nate dyes. To give an idea of the kind of potencies involved, a 
few of the later figures will be given here. The terms “stanrlard 
Oil,” “standard 010,” etc., refer to the particular changes brought 
about in the relative sizes of faces on various crystals. 

The writer feels justified in giving fuller details of tlic later 
results since, judged solely from the point of view of habit modi¬ 
fication, the earlier results from the oxy-ions and urea seem 
paltry by comparison. The standard 011 result on KCIO.* (Plate 
36) has been described ( 1 ), the growth ratio of { 011 } to { 001 }, 
the predominant form, say /?oii/I?ooi, having been reduced to 
from % to Yxo «f its value in a pure solution. The K 2 S 04 -{ 010 } 
standard has also been described (Fig. 108). It is readily judged, 
being taken as that habit wherein { 010 }, usually vestigial on 
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tho pure crystals, has extended under the influence of the dye 
to equality with the ordinarily iiredoininant (021). Standard 
K2Cr()4-{010] is like the latter, hut, on pure K^CrO^ crystals, 
{ 011 } is ju'edoininant (Fig. 1091 , so that when { 010 } = { 011 } 



Plate 36. “Standard” {011} effect on KC10 :l xisins Pyronine G (Colour 

Index No. 739). (Buckley and Cocker.) X2. 

it represents a bigger relative habit change than the correspond¬ 
ing K2S()4-{010} change (Fig. 108 ). Ammonium perchlorate 
goes through the same changes as those described for KCIO4 
( 13 ) (Figs. 110 and 111 ), but, as it has been far more thoroughly 
examined, it will be quoted in place of the latter. The habit 
change of potash alum is well-known, the standard being that 
concentration of impurity which will cause cubes with fairly 
small octahedral facets to be produced (Plate 37 ). The largest 
habit change recorded in earlier papers by the writer was that 
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of Trypan Red (Colour Index No. 438) on KCIO3, with a 
“standard” concentration figure of 50,000 (i.e., 1 in 50,000 of dye 
to crystal is enough to produce the “standard” effect). A 




stronger sample of Trypan Red has raised tliis figure to 60,000. 
There arc at least a score of independent configurations whose 




Fig. 110. {011} standards for either KCIO 4 or NH 4 CIO 4 crystals, (a) alone, 

(b) with ( 100 ). 


Fig. 111. 



{102} standards for either KCIO 4 or NH 4 CIO 4 crystals, (a) alone, 

( 6 ) with { 100 }. 


effectiveness is expressed (for KCIO3-{011}) by a figure of over 
15,000. The averaged figure for the more than 600 dyes tested 
by the writer is over 4000. The best “inorganic” figure is that 
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of aniinoniuin molybdate, with lOOO, and tliis als(t has a eompli- 
cated sti’ueture. Idate 3N shows K(’10;t needles on (Oil ] wIkmi 
10 jzrains of crystal and O.Oo ^I’am of ammonium molybdate w(‘re 
crystallized. All other inorjranic smallei* ions. (h()," at the 



Platk 37. ‘\^tan.l;inr’ {100} for potash alum. 


head, have no eOect except in concentrations comparable with 

that ol the >aturated K( lO;^ solution. Similar considerations 

apply to the habit modification involving the appearance of 

{OlOj on K.SO, (maximum effect at 1:40.000) and KX'rO.^ 
(maximum at 1:67.000). 


Ammonium perchlorate has similar 
sesses the property noticed in KCIO^ 
enlarging its {011} planes at dilute 


high figures but also pos- 
crystals (13) of frecpiently 
concentrations of a given 
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inipiii’ity and enlarging its [102j planes at some higher concen¬ 
tration. With a few notable exceptions, the results for potash 
alinn and borax indicate “standard*’ figures not very much higher 
in value than the original oxy-ion figures for KCIO3, K2SO4, 



Platk 38. N(' 0 (ilrs on (Oil) with KCIO.-i crystals fine to ammonium molyb¬ 
date no to 0.05 liiam). 

KAIn 04 . etc. (though the latter have as a whole no influence on 
f)otash alum). On the other hanri. though sodium chlorate has 
not been systematically explorcfl, the few dye ions tried with 

it have not yielded any promising results. 

The next step is to mention a few of the more remarkable fea¬ 
tures in the habit-changing properties of the more potent types 
of dye ion and comment upon them with a view to ascertaining 
their usefulness as pointers in any direction. Some other details 
will appear in the Appenrlix. To begin with, let us consider con 
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sistency of liabit change | excepting NaCIOa, just stated, Ba- 

also mentioned, and one or two other sul)stances which 
api)ear quite impervious to treatment by any of the wliole series]. 
Table 18 shows a set of results for the crystals KCKTj, K:»Cr() 4 . 
NH4C1()4 ({011} effect or (102) effecti, and jiotash alum. In all 
cases, standard values are given, to be interpreted as the weight of 
crystal (dissolved in water to form the slightly supersaturated 
solution) which 1 gram of dye impurity will modify to the stand¬ 
ard appearance. The number below the names of the various 
salts is the average value found for some 600-odd dyes. The 
first examples are the most consistent habit changers. (Alanv 
arc omitted as unnecessary to our jiurposc. ) Lower down arc a 
few which show significant inconsistencies in tlieir behavior. 


There seems to be no exact moral to be drawn from tlic rela¬ 
tive consistency with which some dyes cause a disturbance at a 
crystal surface. A fairly large number modify the habit of 
most growing crystals they are in contact with. Sometimes, as 
in Colour Index Nos. 438, 315, 511, they are not only generally 
eftcctive, but in addition appear to be exceptionally so in certain 
cases. But, as pointed out in the writer’s paper on “INIolccular 
Configuration” (36), even with only the data from KCIO.-, and 
K:iS 04 to hand, no strict parallelism in effectiveness could be 
drawn. Since this greater amount of data has become available, 
it is obvious that, wherever there is an apparent parallelism in 
the effectiveness of some two impurities on two substances from 
our columns in Table 18, it is usually only a coincidence. Two 
interesting features which immediately stand out even from 
the abridged data of Table 18 are, first, that even a verv iiower- 
ful habit modifier may slip u]) in an odd case. For example, the 
most powerful impurities of all appear to be those which’ are 
grouped under Colour Index Nos. 706 and 707. But, except for 
one doubtful case, they are ineffective on potash alum. No. 456, 
Brilliant Congo R, is an excellent habit modifier but is nearly 
insoluble in K 2 Cr 04 solution. Second, we have a number of im¬ 
purities which are either poor or ineffective on almost all sub¬ 
stances tried but which have a strong effect (or some effect at 
all, which may be just as surprising) on one single substance. 
No. 637, Kiton Yellow, is all but ineffective, yet has a repre¬ 
sentative figure of 13,000 for K,Cr 04 ; Wool Green BS, No. 737 
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TABLE 18 


Impurity 

KCIOa 

K 2 S 04 

K2Cr04 

NH4C104 

(011|{102! 

Potash 

Alum 





av. 

av. 

av. 



av. 

30 

C.I. 

No. 

Name 

4620 

2360 

1600 

av. 

1450 

av. 

1350 

88 

Bordeaux, etc. 

6,000 

S.OOOdb 

600 

3,000 


330 

150 

Orange 1 

8,000 

5,000 

2,000 

2,000 


150 

184 

Naphthol Red, etc. 

2,000 

5,000 

25,000 

2,500 


125 

282 

Ponceau S Extra 

17,500 

17,500 

Insoluble 

12,000 


90 

284 

Orseilline BB 

15,000 

3,300 

Insoluble 

8,000 


50 

313 ' 

Brilliant Crocein 9B 

5,000 

6,700 

2,500 


1,000 

16 

315 

Naphthol Black B 

25,000 

15,000 

1,750 

11,000 

300 

406 

Various names 

9,000 

13,000 

Up to 


2,500 

10 





1,000 




438 

Trypan Red 

60,000 

40,000 

6,000 

7,000 


76 

454 

Brilliant Purpurin R 

6,250 

2,000 

>0 

3,300 


150 

456 

Brilliant Congo R 

27,000 

4,000 

Insoluble 

9,000 


670 

472 

Various names 

11,000 

11,000 

1,000 


2,500 

15 

475 

1 

Various names i 

16,000 

2,000 

900 


6,000 

25 








to 








100 

477 

Various names 

12,000 

10,000 

1,500 

2,500 


25 

511 

Brilliant Azurine B 

25,000 

1,330 

1,000 


45.000 

167 

518 

Various names 

7,000 

3,000 

1,000 

4,000 


330 

520 

Various names 

4,000 

6,250 

2,500 

3,000 


100 

620) 
621 \ 
622 I 

Various names 

Up to 

20,000 

1,000 

to 

2,500 

>0 

to 

2,000 

Up to 
5,000 

Up to 
5,000 

Up to 
200 

706 

Various names 

2,500 

12,500 

25,000 

Up to 


0 



1 to 

to 


50,000 





20.000 

20,000 





707 

Various names 

6,500 

7.500 

30,000 

Up to 


Up to 




to 

to 

50,000 


60 




20,000 

67,000 




364 

Brilliant Yellow 

11,000 

2.500 

0 

0 


0 

365 

Chrysophenine 

5,000 

0 

0 

0 


0 

637 

Kiton Yellow S 

50 

0 

13,000 

0 


0 

640 

Tartrazine 

100 

250 

12,000 

0 


0 

608 

Guinea Violet S4B 

30,000 

2,500 

Insoluble 

4,000 


0 

720 

Triphenyl Methane 

Insoluble 

Insoluble 

1,000 

0 


0 


+ COONa 







723 

Triphenyl Methane 

500 

0 

7,500 

0 



+ COONa 






45 

727 

Triphenyl Methane 

250 

0 

0 

0 



-1- COONa 






0 

A 

735 

Xylene Fast Green B 

200 

10,000 

1,000 

0 


737 

Wool Green BS 

100 

3,300 

27,000 

0 


0 

331 

Bismarck Brown 

0 

500 

0 

0 


100 




(on 

110/010) 




up to 

30 

793 

Various names 

0 

0 

0 

0 


841 

Safranines, various 

0 

330 

(on 

110/010) 

0 

0 


25 
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is poor with KCIO3, fair with K0SO4, and ineffective with the 
others except KoCr 04 , for which its figure is 27,000. No. 793 
under various names is completely ineffective on all substances 
except potash alum, but cubes of the latter are readily grown in 
its presence. Many dye impurities are between these two, being 
effective or ineffective in somewhat similar proportion. No. 698 
is typical of one of these. 

Another important feature which should add to our power to 
judge the issue is the actual proportion of impurity to crystal, 
molecularly calculated, in the solution where the “standard” 
effect is taking place. The greatest effect yet is by Cotton Blue 
Cone. No. 1, the Meister, Lucius, and Briining example of Colour 
Index No. 707, which is a trisulphonate product of “Spirit Blue.” 
This modifies K 2 Cr 04 crystals at a concentration of 1 part in 
67,000. If we assume 20% “impurity” in the dye, the true dye 
material is modifying with the enhanced figure of 1 in 67,000 X 
(100/801 or 1 in 84,000, roughly. But the molecular weights of 
Cotton Blue and K 2 Cr 04 are almost 4:1, so that, instead of 
stating that 1 'part of dye modifies to “standard” 84,000 parts 
of K 2 Cr 04 by weight, we can with rather more discernment say 
that it achieves this same end when it has no more than 1 mole¬ 
cule of dye present to every 330,000 molecules of crystal ma¬ 
terial, a relatively huge figure. The highest figure for NH 4 CIO 4 
is by the same dye, and the column figure of 50,000 is similarly 
increased to the molecular proportion 1:250,000. The strongest 
effects on KCIO 3 and K 2 SO 4 are obtained by Colour Index No. 
438, Trypan Red. Reduced to molecular proportions, the “stand¬ 
ard” concentrations are as one is to 60,000 X (10/8) X (1000/ 
122) = 617,000, and to 40,000 X (10/8) X (1000/174) = 288,- 
000 , respectively. 

There would appear to be little prospect of several of these 
ions lying adjacent to each other in the crystal surface and form¬ 
ing themselves into small nuclei of dye crystal in the host. 

Another feature of the habit changes induced by the dye ions 
is that, although the large majority conform to a certain line of 
behavior, all modifying the same type of face and only differing 
from each other in their effectiveness, certain other configura¬ 
tions have effects distinct from the common types. This might 
have been suspected from the manner in which the oxy ions in- 
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fluenced KMnO^ crystals, some modifying the crystals through 
{Oil], others through {110}, others again through {100}. Con¬ 
sidering the closeness of approach in the configurations of { 110 } 
and { 010 } of the pseudohexagonal K 2 SO 4 , it is all the more re¬ 
markable that it is { 010 } which is so unanimously adopted by 
all the impurities. Y"et, as Table 19 will show, a few dyes do 


TABLE 19 


Uncommon Effects on the Crystals in Table 18 


Type of Effect 


K 2 SO 4 ; {not > 1010} 


K 2 SO 4 ; {1101 alone 

K2SO4; {loot 

K 2 SO 4 ; {loot + {1301 
K 2 SO 4 ; {0011 
KCIO 3 ; {1011 


NH4CIO4; {loot 


NH 4 CIO 4 ; {0011 


Colour 

Index 

No. 


331 

332 
692 

1,088 

219 

36 

122 

651 

45 

1,053 

1,054 

29 

45 

91 

142 

692 

1,053 

1,054 

1,063 

758 


K2Cr04; {0011 


Name 


Bismarck Brown 
Brown AT 
Acid Magenta, etc. 

Alizarin Sky Blue 3R 
Eriochrome Flavin A 
Alizarin Yellow GGW, etc. 
Alizarin Yellow 5G 
Pigment Fast Yellow G 
The S 2 (). 3 " ion 
Chromotrope 2B 
Alizarin Delphinol SEN 
Alizarin Delphinol BDN 
Chromotrope 2R 
Chromotrope 2B 
Palatine Scarlet 3R 
Helianthin (Badische) {not 
methyl orange) 

Acid Magenta, etc. 

Alizarin Delphinol SEN 
Alizarin Delphinol BDN 
Alizarin Cyanine WRS 
Erio Fast Fuchsin BL (with stria 

tions II [iTOD 
The Cr 207 " ion (with striations || [OIOD 

The S 2 O 3 '' ion 


Effec¬ 

tiveness 


500 

300 

330 

2.000 

200 

200 

1,000 

2,500 

100 

2,500 

3.000 

15.000 

40 

1 ,000 

100 

3,000 

150 

2.500 

6.000 

2.500 


produce a joint effect on { 110 } and ( 010 ), with a more powerful 
effect on {110} alone by No. 1088, Alizarin Sky Blue 3R. The 
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effect of Nos. 36 an(i 122 has been known some time (36| see 
Plate 39» and is remarkable in that, in tlie latter dye, Alizarin 
Yellow 5G, a perfect cleavage on {100}, absolutely non-existent 
on the pure crystals, is develoj^ed (37l. Since then, one more 
substance has been found to affect ( 100 ) of KjSO^, but, more 
logically, it also influences growth on the related [130J planes 


Platk 




Effect of Alizarin Yellow 50 (Colour Index No. 122) on K-.S 04 - 

(100). (Buckley.) X2. 


to about the same extent. Hence, it is possible by siiital)le 
modification to get the orthorhombic eciuivalents of the pseudo- 
hexagonal first-order prisms {lOTO} and the second-order | 1120 ! 
as well. Finally, the thiosulphate ion, SoO;/', is a not so weak 
modifier of the { 001 } surfaces of K 0 SO 4 , being strong at about 1 
jiart in 100 (Plate 40). What is remarkable about these varia¬ 
tions of effect with K 0 SO 4 crystals is that we do not find the 
same kind of thing happening with the isomorplious and closely 
related K:;Cr 04 . Apart from the smaller changes recorded in an 
earlier work (9) at high concentration of oxy-ions, including a 
kindred { 001 } effect by the S.O 3 " ion, the whole 600-odd dye 
impurities have either the {010} effect or nothing. Yet, as K:,sb 4 
and K 2 Cr 04 form mixed crystals of continuous proportions from 
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0 % to 100 %, there should be no great discrepancy in lattice 
dimensions; therefore, it seems odd that none of the extra effects 
observed with K 2 SO 4 crystals sliould ever occur with KoCrO^. 

The {011} effect is almost the only one to be encountered on 
KCIO 3 with practically all the impurities. The relief comes 



Platk 40. KoSOi-fOOI), rhie to pre.^rnco of S^> 03 ". Aragonite trii)lct 

r)lano-polariz('(l XlO. 



here from just three dyes, Nos. 45, 1053, and 1054, all relatively 
small, though they all are related to dye molecules of similar 
dimensions which yield the ( 011 } effect, so that size alone is 
no criterion. The interesting feature regarding the effect of these 
three exceptions is that they exert an influence on {lOT} (Plate 
41), and, as KCIO 3 is pseudotrigonal, an assumed rotation of 
a pseudotrigonal axis about a normal to the (1011 plane, which 
would bring ( 110 } into coincidence with { 001 } (these two would 
coalesce into a rhombohedron if the axis were truly trigonal), 
would also unite {101} with {011}. Thus the three errant dyes 
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are not behaving so strangely after all, since there must be very 
similar structures on the surfaces of the UOl I and (Oil.) planes 
of KCIO 3 . 


An earlier paper (11) commented 
on the fact that, with Kj\In 04 crys¬ 
tals, a { 100 } effect usually accom¬ 
panied a {011} effect. Furthermore, 
in one or two cases, notably the 
H 0 PO 4 ' and CO;/' ions, the former 
effect far outweighted the latter. 
Whatever the structural similaritv 

V 

underlying these observations, the 
fact remains that, when dve mole- 
cules are modifying NH4CIO4 crys- 
stals, a { 100 } effect usually accom¬ 
panies a { 011 } effect, sometimes so 
great as to push out { 102 } from the 
crystal’s terminations (Fig. 110b). 
This, however, is not what is meant 
in Table 19. The dyes in this case 
cause { 100 } to grow sideways to full 



Plate 41. KCIO 3 crystals 
modified to [101 1 habit, grow¬ 
ing in twin positions from a 
substrate of ordinary JOOlI 
habit. (Buckley.) 


])redoniinance, and sometimes thin leaflets on { 100 } are the re¬ 
sult (Fig. 112). It is noteworthy that of these eight dyes listed 

to give a nearly pure { 100 } effect on NH 4 C 104 , 
four of them (Nos. 45, 692, 1053, and 1054) are 
already associated with exceptional effects on 
other crystals. Again, with KMn 04 crystals, the 
Cr^Oj ion was found to cause { 001 } to predomi¬ 
nate. The same ion is effective with KCIO 4 and 
NH 4 CIO 4 crystals, causing the crystals to as¬ 
sume a flat, lozenge shape with the { 001 } tablets 
bounded by the four faces { 110 } and the pre¬ 
dominant faces deeply striated in a direction 
parallel to the axis Y (Plate 42). Only one dye. 
No. 758, Erio Fast Fuchsin BL, gives this {001} 
effect on NH 4 CIO 4 , but the flat plates are un¬ 
usual in being rectangular, bounded by narrow faces of { 102 } in 
front and { 011 } at the sides, and have { 110 } only small. 
Strangely enough, the { 001 } faces are here deeply striated par- 



Fig. 112. The 

{100} effect on 

KCIO4 and NH4- 
CIO4 by, e.g., 
Colour Index No. 
45. 
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allel to zone axi;^ |1TG] [i.e., between (001) and a possible 
(110) face). (See Plate 43.) This is incidental to all NH4CIO4 
crystals. Whenever {001} develops and, as is usually the case, 



Plate 42. NH 4 CIO 4 . with CfoOt" impurity; striations parallel to tlio 

)’ axis on the (001) plane. Xl6. 


has striations, they are directed in the (HO] sense, except wlicn 
Cr^O;" ions are present. The appearance of the crystals with 

the striations is decidedly holoaxial. 

As long ago as 1934. the writer pointed out a serious difficulty 
in the way of interpreting the results of habit change in terms 
of surface adhesion either by particles, as in his own earlier 
view’s, or as discrete crystal units, on the lines of Bunn. In a 






HABIT MODIFICATION—MORE RECENT WORK 


367 


work then published (38) pliotographs were shown at tlie time 
of crystals of K 2 S 04 on which the impurity was lined up parallel 
to certain faces. In one case, with No. 34, Azo Orseille R, these 
were the four faces of {110} (Plate 44), and in another, with No. 
456. Brilliant Congo R, the eight faces of (111) were concerned, 
but the habit change was in each case on {010} (Plate 45). This 
has been substantiated since, because on hundreds of occasions 
in the writer’s researches and in the above example of K 2 S(> 4 . 
when the resulting habit change has been the usual one on {010}, 
no adhesion to {010} occurs. Actu¬ 
ally, on one single occasion, an “hour¬ 
glass” structure was seen to have ap¬ 
peared on {010}, when dye No. 593, 

Columbia Green B, was used. This is 
a dye rather readily decomposed by 
heat, and its effectiveness is not great, 
its column figure for “standard” {010}- 
being 330. Since the earlier 
publication, ample corroboration has 
appeared in a work of Frondel (39). 

In a study of the influence of various 
dyes on sodium fluoride, he ascertains 
that a large number of dyes are pref- 



Plate 43. NH 4 CIO 4 with 
Erio Fa.st Fuolisin BL (No. 
758). X 8 . The (001) plaiii' 

is here striated parallel to 

(lIO). 


eientially adsorbed on the cube planes which are neutral through 
tlieir distribution of anions and cations in the 100 planes (rock- 
salt structure). He also gives a table in which dyes, with names 
and Colour Index numbers, are placed in the left-hand column 
and the alkali halides, NaF, LiF, NaCl, KCl, KBr, and KI, head 
the remaining columns. Although incomplete, the table repre¬ 
sents a large number of observations on the influence, if any, of 
the various dyes on the cubic habit of the listed alkali hal'ides. 
A perusal of the list shows them to resist stubbornly any habit 
change, though a few changes from cube to octahedron were re¬ 
corded. He does not attempt to get a “standard” figure to 

comi)are the effectiveness of different dyes; in fact there are only 
the fullowing: 


On NaF; No. 26, Crocein Orange; No. 170, Solochrome Black 
PV; No. 1034, Alizarin Red S; No. 1246, alkhaematoxylin. 
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On KCl; No. 197, Superchrome Yellow RN; No. 311, Naph- 
thol Black 6B; No. 313, Brilliant Crocein 9B; No. 406, Pon- 
tamine Blue BBF; No. 662, Pontamine Yellow XSG; No. 
1085, Alizarin Blue Black B. 

On KBr: No. 313, Brilliant Crocein 9B. 

On KI: No. 30, Acid Fuchsin; No. 144, Brilliant Yellow. 



Plate 44. Habit of K 0 SO 4 changed to {010}. Hourglass deposit of im¬ 
purity is on {110}. 

A number of these dyes figure among those listed as under¬ 
going adsorption on the (100} faces of various alkali halides, 
though the only dye which is a complete example of the type 
described by the writer is No. 26, Crocein Orange. This dye 
changes the habit of NaF to octahedral, but deposition occurs on 
the cube faces. Many more examples of this kind would no 
doubt be found if looked for. Walcott (28) also observed this 
occasional divorce of the two functions, the deposition of im¬ 
purity and the surface modification, for he noted at times small 
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cubes of Ba(N 03)2 which appeared to be quite free from tint. 
The same phenomenon was noted by the writer in tlie aforemen¬ 
tioned paper (38). Thus (p. 252): “yet many crystals of 
K. Alum have been grown in the presence of strong concentra¬ 
tions of this dye (Bismarck brown! and sutfered strong hal)it 
change without absorbing appreciable amounts of colour.” 



Pl.\te 45. Habit of K 2 SO 4 chanjjod to {010}. but hourglass is on {Ill}. 

X6. 

Hence it has occurred to the writer that there is one sequence of 
events taking place at the crystal solution interface which re¬ 
sults in habit modification, another one which causes selective 
deposition with zoned structures such as “hourglasses” and “Alal- 
tese crosses” and a third, when sufficient material is ready at 
hand, to decide whether parallel growths or mixed crystals are 
to be formed— and that no necessary connection between these 
processes is evident. Frequently they go on simultaneously, as 
in the habit modification of the alums or of barium nitrate, but 
this is far outweighed by the evidence that they can be pro¬ 
ceeding independently in the same crystals at apparently the 
same time or, at least, during the same crystallization. If this 
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should be the case, FrondePs (29) statement—that Buckley's 
method of attachment of the adsorbing ion (viz,, by an oxygen 
pair from the sulphonate group in the ion) cannot hold in his 
case (just described)—does not get us much further, since the 
relationship between actual attachment and habit change still 
seems remote. But in Buckley’s earlier works ( 2 , 36, 38) several 
instances were given where such a mode of attachment was ob¬ 
viously out of the question. In Alizarin Yellow 5G, No. 122, 
a COOH group (not COONa) is the group taking the place of 
a sulphonate. Yet it is fairly effective. Also, what are the 
points of attachment of Bismarck Brown (No. 331) on a K 2 SO 4 
or potash alum surface? How is alkaline haematoxylin at¬ 
tached? Speaking merely from the “habit-modification” point 
of view, it has appeared to the writer that, if at times the mole¬ 
cule may adhere by virtue of an oxygen triangle, as, possibly, 
in the case of the ions affecting NaClO.s-flll} crystal surfaces, 
and more frequently by an oxygen pair along some edge of the 
SOalNal group, there still remains the possibility of a single 
activated oxygen, nitrogen, sulphur, or similar atom in a large 
nucleus being potentially an effective adhering point. This is 
how the writer is inclined to view the evidence up to date and to 
suggest that Frondel’s results with the dyes and alkali halides 
are in strict line with his own data on the various crystals men¬ 
tioned in this chapter. The only fact so far to come up against 
the “ionic” as compared with the “lattice-plane” conception is 
Frondel’s remark that Na 2 S 04 affects NaF growth whereas 
(NH 412804 , H 2 SO 4 , TISO 4 , and organic sulphates do not. He 
does not give the dimensions of the effect in this case, but, even 
so, substances like H 2 SO 4 would be ruled out on account of their 
acidity and in all other cases we do not know in how clean a 
manner the SO 4 " is able to act in the presence of cations like 
Tl' and hydroxylamine. In any case, in the writer’s view, any 
mechanism of habit change should be able to interpret the ac¬ 
tivity of Trypan Red and simultaneously the dithionate or sul¬ 
phate group, for these are likely to be similar in all except in¬ 
tensity of effect, even though one is accompanied by deposituin 
of parallel crystals and the other is not. That the adsorption 
process on a growing crystal surface is more or less independent 
of the habit-modification process is also shown by the very 
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variable manner in which adsorption occurs in dyes possessing 
similar potencies in the habit-modifying i)rocess. 

Several substances may have a similar hai)it-ciuimj:ing power 
and yet some will be scarcely tinted at all, whereas the otluas 



are so deeply tinted that they remove almost all the color from 
the solution. An excellent example of the latter is shown in 
Plate 46. Crystals of K:.S ()4 have been grown in tlie presence of 
the dye National Fast Wool Blue B, No. 209. The original solu¬ 
tion was deep purplish blue, almost opaque. On crystallizing, so 
much of the dye went into the crystals, which appear dark in 
the photograph, that the surrounding solution (the picture was 
taken with an inch and a half of solution above the crystals) 
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appears scarcely any deeper than water. The dye particles may 
in this case occur in the host structure at far more frequent in¬ 
tervals than average, but even so there is no evidence that they 
actually form their own crystallites, and plenty of evidence that, 
though fairly effective, the dye is well and truly beaten by many 
other dyes which do not enter so fully into the crystal. Many 
dyes, which exert a powerful influence on KCIO3 crystals and 
which therefore require to be present only in minute concentra¬ 
tions for the production of the “standard” {011} effect, while 
showing a distinct tint, however dilute, in the original solution, 
are found to deposit apparently to completion in the growing 
crystals, leaving the solution quite colorless. Trypan Red, No. 
438, is typical. In such a case, “second-crop” crystals would 
show a habit less than the “standard” habit of the first crop. 
In the opposite type of case, probably more common, a second 
crop of crystals would show an effect on the particular faces 
greater than the first. 

In most of the writer’s work, it has been implied that some 
such model as that of Kossel (40) or of Stranski (41) would 
interpret the observations on habit change with adsorption bet¬ 
ter than any other. On this model, it is obvious that an occa¬ 
sional ion of impurity seated in an important point in the sur¬ 
face may dam up the chain-like sequence of ion deposition long 
enough to constitute a major hindrance to further growth par¬ 
allel to the surface and, ultimately, to growth normal to the 
surface. Habit changes occasioned by one ion for several hun¬ 
dreds of thousands of crystal ions in the original solution seem 
to support this model, although, in view of the already discussed 
subdivision of surface-impurity processes into (a) habit modifi¬ 
cation, (6) ion deposition statistically even (hourglasses, etc.), 
and (c) parallel growth and mixed-crystal formation, we remain 
uncertain as to this support. Furthermore the problem of the 
extent to which the idea of an incomplete (unvollstdndige) face 
is to be accepted is no easy one. These were invented by Kossel 
for a rock-salt structure of simple ions and accepted by Stranski 
who, however, turned them down for homopolar and metal crys¬ 
tals (except by electrolysis). Obviously the questions whether 
a complex structure like those possessed by KMn 04 , K 2 SO 4 , or 
potash alum will consist of one major form (say the pinacoids), 
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and whether all other forms will merely consist of large, multi¬ 
ple-ionic steps of the simplest lattice planes, is of first importance 
in our attempt to visualize the mechanics of surface modification 
by impurities. To the writer’s knowledge, these questions do 
not appear to have been settled. France (421, however, rejects 
the Kossel and Stranski idea in favor of one wliich assumes that 
different faces (i.e., belonging to symmetrically distinct forms I 
possess different residual valence force fields which are not only, 
with crystals in the “dry” state, responsible for the adsorption 
of gases and liquid molecules—phenomena so extensively inves¬ 
tigated by physical chemists—but also cause the preliminary 
adsorption, followed by incorporation into the lattice, of the 
crystals’ own ions in the supersaturated solution. As a conse¬ 
quence, those faces with the greater values of residual valence 
force field will grow at a greater rate and tend to disappear from 
the final form of the crystal, a conclusion parallel with Curie’s 
final form possessing minimum surface energy. At the same 
time, these faces will be the ones to attract impurity ions to 
themselves, and, if there is sufficient modification of their rates 
of growth, they may appear on the crystal or even disi)lace the 
normally more stable forms. 

In one of his papers, France (43) quotes the case of K:.S 04 , 
in which, he says, deposition is on {110} and (111). This is in 
accord with the writer’s own observations, and France comments 
on the fact that this tallies with his (just mentioned) theory. 
In his view, any plane made up of ions of like sign will have a 
powerful field of force attracting ions of opposite sign or similar 
types to itself, whereas a neutralized plane, one consisting of 
ions of opposite sign, will not possess this tendency. (110} and 
{ 111 } of K 2 SO 4 belong to the former, and (100}, he says, belongs 
to the latter and should not adsorb. 

This overlooks the fact, previously mentioned, that by far 
the main effect is on { 010 } of X 2 SO 4 and very occasional and 
never very strong on {110}. Then, again, in an earlier work of 
Buckley’s (37), it was shown that Alizarin Yellow 5G, No. 122, 
adsorbs on { 100 } of K 2 SO 4 and the habit is modified thereby. 
And Frondel has pointed out that most dyes adsorb on the neu¬ 
tral faces {100} of NaF and LiF, whereas such habit change as 
there is is on { 111 }. Here once more is the divorce of adsorp- 
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tion and habit modification. France counters this with the view 
that, although residual valence force fields can exert a prefer¬ 
ence for unsaturated faces peopled with like ions, as in the 
{111} planes of NaF, lack of dimensional fitting together of ion 
and surface configuration might take away this advantage. This 
does not explain why a neutral plane should be preferred to, say, 
a (311), {331}, or similar type, with more complex indices but 
peopled perhaps by ions of like sign. 

In addition to his views on the nature of the crystal surfaces 
to be modified, France discusses the nature of the adsorbing ions 
and reaches certain conclusions which are largely in accord with 
the experimental evidence of the writer, if we substitute the term 
habit modification for adsorption and forget about the difficul¬ 
ties of connecting the two processes. His experimental work has 
followed lines parallel to the writer^s except that he has not 
attempted the semi-quantitative “standard” figures of the lat¬ 
ter. France concluded early that certain polar groups in the 
dye ion were responsible for adhesion to the crystal surface and 
that, of these, the SOsNa group is the most important and, ex¬ 
cept when sterically hindered, renders potent any large organic 
molecule in which it occurs. Regarding the actual mode of ad¬ 
hesion, France accepts the writer^s views about oxygen triangles 
and edges of the SOgNa group (or inorganic ion). Since the 
earlier publications of the writer, a large volume of data has 
been accumulated and is ready for publication. In view of 
France’s suggestions regarding steric hindrance and as a sequel 
to the writer’s earlier speculations on the same theme (2), the 
averaged-out findings of the writer (44) for the crystals given 
in Table 20 and for all the 600-odd dyes will now be given, as 
they may prove of use to the organic chemist. They have been 
derived by going through the whole list of dye impurities and 
studying each formula and dissecting it into its components. 
Then, disregarding other features, the nucleus in which the sul- 
phonate group appears has been noted, together with all the 
standard values of habit change where this configuration ap¬ 
pears. Most of these have fancy names, known best to the or¬ 
ganic chemist. The figures have been specially calculated by 
the writer, and they represent how many times greater than, or 
less than, an average dye’s performance each group is. The 
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TABLE 20 

Habit-Modifying Powers of Certain Sulphonate Configurations 



Number of 

Potency X 
that of the 
Average 

Sulphonate Residue 

Examples 

1 ) ve 
% 

Triphenylmethane-p-sulphonates 

17 

2.95 

Amino R acid 

6 

2.G1 

Primuline sulphonates 

13 

2.21 

Amino G Acid, diazotized 

4 

1 .99 

H acid, once-coupled (at 2) 

10 

1 .78 

R acid 

14 

1 .71 

Stilbene sulphonates 

11 

1 .61 

B acid 

2 

1 .50 

Triphenylmethane-//i-sulphonates 

4 

1 .28 

Cleve’s oxy-L acid 

4 

1 .24 

Bronner’s acid, coupled at 1 

5 

1.16 

Chromotropic acid 

8 

1.10 

Metanilic acid, diazotized 

11 

1 .07 

Naphthionic acid, diazotized 

22 

1 .05 

Schaeffer’s acid 

13 

1 .06 

2S acid 

2 

1 .02 

Kaphthalene-3-6-8-trisulphonate 

2 

0.03 

7 acid, coupled at 7 

10 

0.92 

KG acid (= GR acid) 

6 

0.89 

Sulphanilic acid, diazotized 

20 

0.85 

NW acid 

19 

0.84 

Bronner’s acid, diazotized 

4 

0.79 

Tartrazine sulphonates (pyrazoles) 

8 

0.69 

7 acid, coupled at 1 

4 

0.68 

L acid 

4 

0.67 

S' acid: a-naphthol-8-hydroxy-4-sulphonate 

10 

0.64 

F acid 

5 

0.63 

Naphthionic acid 

9 

0.59 

Anthraquinonc sulphonates 

9 

0 .45 

H acid, coupled at 8, twice diazotized 

8 

0.45 

Aniline-2-4-disulphonates, diazotized 

4 

0.41 

S acid: ar-naphthylamine-8-hydrox3'-4-sulphonate 

8 

0.40 

2R acid, coupled at 2, diazotized at 7 

4 

0.38 

G acid 

7 

0.38 

Crocein acid 

8 

0.37 

J acid 

7 

0.29 

6 acid 

4 

0.28 

l-Amino-5-naphthol-7-sulphonate (coupled at 6) 

2 

0.23 

H acid, diazotized at 8 

2 

0.19 

K acid 

1 

0.06 

The stronger inorganic oxy ions 


0.01 or less 
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average dye's performance is calculated by adding up the 600- 
odd “standard" column figures and dividing by this number. 
The potash alum results are not used in the average figures 
given, as, owing to acidity, it may not be exactly the same group 
functioning as with the other crystallizing solutions. It should 
be emphasized again that the figures in all the writer's works are 
based upon habit modification and refer to potency in this direc¬ 
tion and not to surface adsorption, though this frequently ac¬ 
companies the other effect. 

The information in Table 20 tells us that the interrelationships 
of groups in the same nucleus are not simple, but that profound 
alterations of a molecule's utility in habit changing are brought 
about by merely interchanging substituent groups, often by add¬ 
ing other groups. Examples of the former are the progressive 


TABLE 21 


Comparison of Habit-Modifying Powers of a Number of Chemical 

Isomers 

(See Fig. 113.) 


Colour 

Index 

No. 

Name 

KCIO 3 

(Oil) 

K 2 SO 4 

(010) 

85 

Palatine Red A 

670 


88 

Bordeaux B, 
etc. 

8,000 


89 

Crystal Pon¬ 
ceau 6B, etc. 

600 , 


91 

Palatine Scar¬ 
let 3R 

400 


179 

Mars Red G 
Carmoisine 
Cone. 

1,330 

1,750 

180 

Carmoisine 

L9156K 

1,330 

670 

182 

Fast Red Extra 

3,300 

mmMt 

183 

Crocein Scar¬ 
let 3BX 

140 

200 

194 

Coomasie Scar- 
! let 9012K 

1 

4,500 

900 


K2Cr04 

( 010 ) 


1,200 


Insoluble 


1,000 


5,000 


2,750 


1.500 


NH4CIO4 


on 


102 


115 


0 


0 


100 


no 


0 


800 


25,000 1,000 

5,000-1- 1,670 


0 


1.200 


140 

325 

425 

0 

150 


Potash 

Alum 

( 100 ) 


0 


550 3,000 2,000 330 


0 


0 


0 

0 

0 

0 

20 
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decrease in effectiveness from Bronner’s acid (1.16) through L 
acid (0.67) and F acid (0.63) to naphthionic acid (0.59), while a 
collateral set takes us through oxy-L acid (1.24), Schaeffer’s acid 
(1.06), NW acid (0.84), and crocein acid (0.37). Many other 


CO 


SO,Na 


N 
• • 

N 

Na No. 88 



CO 


.o,sOO 


OH ^ 



N Na N 

N Sba N 

Na*0,S-k^-k^ Na-OaS^.^^ 

No. 182 No. 89 

Na 
SO, 

OH ^ 


Na 


Na 







No. 85 


OH 








Na- 0 ,S'*v^..-V^S 03 -Na Na N 

No. 91 SO 3 N 

CO°" 


SO,*Na 


Na-0-,S 


SOa-Na 
No. 179 


OH 








No. 183 


OH 


SPa 

Na 





spa 

Na 
No. 194 


Fig. 113. 


SOa'Na No. 180 

Configurations of nine isomers of the formula C-.oHiiH»(OH) 

(SOsNa).. 


interesting comparisons can be made by the organic chemist, 
but these two will suffice for our present purpose. 

A comparison of several compounds which are chemical iso¬ 
mers is instructive in indicating that neither size nor molecular 
weight alone is of much value in influencing habit change. Quite 
a number of the dye molecules can be grouped together as 
isomers, but the one shown in Table 21 is the largest group from 

the substances investigated. The accepted structural formulae 
are shown in Fig. 113. 
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It is clear from Table 21 that there is no relationship between 
these molecules as regards habit-modifying power but that every¬ 
thing depends upon the position of the substituent groups. Apart 
also from a general tendency of all the configurations to “do 
something,” it is evident that the effects are highly specific to 
the dye molecule and the crystal surface. Compare the effec¬ 
tiveness of No. 180 toward K 2 Cr 04 with its inertness toward pot¬ 
ash alum and the variation in the KCIO 3 column represented by 
tiie extremes 140 and 8000 for Crocein Scarlet 3BX (No. 183) 
and Bordeaux B (No. 88 L The specific character of most of 
the more extraordinary results is well shown by the just-cited 
example of No. 180, Carmoisine L9156K, toward {010} of 
K 2 Cr 04 . This dye has two of the groups from Table 20 (viz., 
diazotized naphthionic acid and “Oxy-L acid.” The figures in 
Table 20 are not of much value for a specified case, as they rep¬ 
resent the performance of a configuration averaged for all the 
dyes in which it occurs, and for all the crystals mentioned. But 
it is easy to illustrate our point from the columns in the writer's 
forthcoming paper (44). The actual figure [like the figures in 
Table 18 representing “standard” values for diazotized naph¬ 
thionic acid (averaged) on K 2 Cr 04 ] is 1350 (excluding No. 
180). The value for Oxy-L acid is (excluding No. 180) 167. 
But the dye configuration made by joining these two groups has 
a value of 25,000. There are many similar cases which might 
be quoted. Their explanation still evades us. 

There is still one other mystery attached to habit variation 
which is worthy of mention here. The effectiveness of an im¬ 
purity usually decreases when the tempo of crystallization is 
raised so that, for example, the writer's standard values, being 
reciprocals, would be too large for their own particular cases if 
the crystallization were carried out by fairly rapid cooling. 
When illustrating a habit change taking place rather rapidly on 
a microscope slide, often three to four times the “standard” 
amount is needed. A different kind of change was mentioned by 
the writer (11) as occurring with KMn 04 crystals. In the pres¬ 
ence of PO4'" ions the habit, usually an elongation on the macro- 
dome { 102 }, changes to a thick tabular habit on { 100 } bounded 
principally by {011}. But apparently, when the rate of depo- 
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Plate 47. “Mixed” habit changes on KMn 04 crystals due to change in 

the rate of deposition. 


sition is slightly increased, the effect changes to one on fllO}, 
in this event resembling the effect of 804 " ions. The As() 4 '" and 
H 2 ASO 4 ' ions are similar (Plate 47). An ef¬ 
fect similar to the latter but brought about 
by alteration of the concentration of im¬ 
purity in solution has also been noted (13). 

A certain average type of dye impurity starts 
off at a low concentration with an effect on 
{011} and possibly on {100} (Fig. 110). As pif, u 4 
the concentration is raised, we first get a mediate stage be- 



stronger effect on { 011 } so that long needles 
develop. Then these become progressively 
shorter, and a squat type of crystal evolves 
on which it is found that ( 102 ) is rapidly 


tween {011} and 

{102} effects on 

KC 104 or NH 4 C 104 
crystals. 


gaining ground at the expense of {011} (Fig. 114) and, at a 


still higher concentration, becomes predominant (Fig. 111). 
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The writer has embodied these results in two columns devoted 
to KCIO4 results in the earlier paper, and to NH 4 CIO 4 results 
in Table 22 . At still higher concentrations, other and frequently 
bizarre effects are produced, but these are not by any means 
universal and do not lend themselves to “standardization.” Cer¬ 
tain dye configurations appear to have the { 011 } effect only and 
never to change over to { 102 } with increase in concentration, 
while certain others always seem to affect { 102 } and never at 
any concentration {Oil}, At first the data appeared to support 
the view that the smallest dye configurations could work on 
{ 011 } alone, the largest on { 102 } alone, and the intermediate 
sizes would work on { 011 } when they existed as single ions in 
solution but would somehow affect { 102 } as they associated in 
solution to form bigger complexes. Examples of all kinds were 
given, and there appeared also, in the case of those configura¬ 
tions which changed over from { 011 } to { 102 } with increase in 
concentration, to be some evidence that the more substituent 
groups there were in the molecule of impurity (excepting SOsNa 
which went the opposite way) the more readily the { 102 } effect 
would set in (i.e., the more readily chemical association was 
thought to take place). Impurities were classified in order of 
increasing value of ratio standard 102/standard 011. More re¬ 
cent work with the isomorphous NH4CIO4 indicates, however, 
that the problem is more complicated than this. Table 22 has 
been prejiared to show the difficulties of the situation. To begin 
with, a large number of dye impurities behave somewhat simi¬ 
larly in the two circumstances, so that, however rapidly or 
slowly the { 102 } effect supervenes over the { 011 } effect as the 
concentration of impurity is increased, there is an obvious par¬ 
allel between KCIO4 and NH4CIO4. The ratio standard 102 / 
standard 011 is then identical or similar in the two cases. Sev¬ 
eral such substances are shown in Table 22a. In Table 226, 
however, we have another representative set of dye impurities 
whose behavior with respect to the relative concentrations at 
which they modify { 011 } and { 102 }, respectively, are widely 
different in the two cases. It is difficult, in view of the latter 
results, to rely on such an explanation as chemical association 
(as was at first advanced by the writer). The real explanation 
must for the time being hang fire. For, just so long as there 
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TABLE 22 

Comparison of the Ease of Change-Over of {011} Effect to {102} 

Effect in KCIO4 and NH4CIO4 Crystals 


(a) Similar in Both 


Colour 

Index 

No. 

Name 

1 

1 

1 

KCIO 4 

Std 102 

NH 4 CIO 4 

Std 102 

Std Oil 

j 

Std on 

1 

• 

56 

Chromotrope 6B 

5.0 

4.7 

76 

Wool Scarlet R 

3.4 

4.0 

88 

Bordeaux B 

1 .7 

1.1-1.8 

142 

Methyl Orange 

(no 102) 

(no 102) 

151 

1 

Orange 2 

3.5 

2.8 

184 

Naphthol Red S 

8 

16 

197 

Crumpsall Yellow 

(no 102) 

(no 102) 

280 

1 

Biebrich Scarlet 

(no Oil) 

(no Oil) 

511 

Brilliant Azurine B 

(no Oil) 

(no Oil) 

624 

Diphenyl Citronine G 

(no oil) 

(no Oil) 


(6) Dissimilar in Both 


Colour 

Index 

No. 

Name 

KCIO 4 

Std 102 

Std Oil 

NH 4 CIO 4 

Std 102 

Std on 

16 

Fast Yellow 

2.0 

(no 102) 

99 

Solochrome Green NS 


(no 102) 

1 

150 

Orange 1 

5.0 

(no 102) 

188 

Chromotrope lOB 

(no oil) 

3.1 

203 

Solochrome Black WDFA 

(no Oil) 

4.6 

204 

Solochrome Black A 

(no oil) 

1.4 

284 

Orseilline BB 

(no Oil) 

1 (no 102) 

313 

Brilliant Crocein 9B 

2.0 

(no oil) 

370 

Congo 

(no oil) 

(no 102) 

438 

Trypan Red 

(no oil) 

(no 102) 

456 

Brilliant Congo R 

(no Oil) 

1.3 
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are so many glittering prizes for the asking in other directions 
of scientific pursuit, so long will these and similar mysteries be 
left cold and unattended. It is very unlikely that new sources 
of wealth or power would be tapped in following up the lines 
of research just touched on in this chapter, but whether in neg¬ 
lecting their study we are losing possible links with physiological 
processes little understood is a question which cannot be set¬ 
tled by mere statement, though the relationship of the study of 
the influence of impurity on a growing surface in aqueous solu¬ 
tion, even if the surface is crystalline, appears to the writer to 
have at least as great a bearing on these processes as many of 
the schemes which at the present time are being trumpeted be¬ 
fore the physiological world by enthusiasts, 

Bunn (45) has further elaborated his viewpoint in a recent 
communication to the Faraday Society. The surface forms a 
fairly stable ^u'o-dimensional complex with the ion of impurity 
(when this is dilute) and, as soon as a new layer contacts this, 
the resulting ^/iree-dimensional unit is very unstable. No new 
molecules or ions can attach themselves there, so that growth 
ceases. Generally the whole complex sloughs off through differ¬ 
ential solubility. The same ion will perhaps form a complex on 
another surface, and this will not be so unstable as the one de¬ 
scribed; consequently the growth interference will be less (i.e., 
habit-changing tendency smaller) and the adsorbing ion will be 
more readily entombed as the crystal advances its surface. Thus 
Bunn explains why the two processes, obvious adhesion and habit 
change, are often observed to be separated on a crystal. He 
views the two types of modification on KCIO4 and NH4CIO4 
(viz., on {011} at dilution and on (102} at greater concentra¬ 
tions) as being due to the two usually accredited models of the 
process [i.e., the (011} effect by isolated ions, as advanced origi¬ 
nally by the writer, and the {102} effect by the formation of 
small crystal elements of the impurity growing, on account of 
dimensional similarity, in parallel position on the plane in the 
host crystal (epitaxis)]. Although such an explanation may 
work in some cases, it should not be overlooked that some of 
the fairly potent effects on {102} of NH4CIO4 can scarcely be 
considered as of the “epitaxis” type on account of the minute 
concentrations involved [e.g., 1 part in 45,000 salt by weight in 
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the cases of Brilliant Azurine B (No. 511) and Chloramine Yel¬ 
low GG (No. 814, by Sandoz)]. Other difficulties arise when the 
writer^s data are viewed in the light of Bunn’s latest theories, 
but the latter should not be rejected at once as they are j^rob- 
ably closer to the truth than any views so far put forward. It 
is better to leave them for further work to develop, trim uj), and 
modify. 

As a postscript to this chapter, a few words may be said about 
deposition of polymorphs, though these are not, strictly speak¬ 
ing, habit changes any more than are some of the “cubes” of 
ammonium chloride, which are really assemblages of tetragonal 
crystals composed of a mixed crystal containing several per¬ 
cent of metal chloride. 

As a crystal can be changed into its corresponding polymor¬ 
phous body as a rule merely by varying the temperature, and as 
above or below a certain temperature level one or the other is 
stable (though the transition may be very slow), the action of 
an impurity in stabilizing some poljunorph at a temperature at 
which the other polymorph should be formed derives some im¬ 
portance. 

Examples are known in nature. For instance, calcium car¬ 
bonate can exist in the form of trigonal calcite or orthorliombic 
aragonite, and both are found in nature, frequently together. 
Now, as a rule, the presence of the stable form causes the rapid 
change-over of the unstable form, but in aragonite this does not 
happen. The explanation seems to be, here, that, although cal¬ 
cite is usually fairly free from impurity, aragonite is not and, 
this being a higher temperature form, impurities which have been 
able to enter the structure have somehow been retained in situ 
on cooling and have buttressed it up and prevented the re¬ 
arrangement necessary for the stable form to develop. Some 
similar events must be happening when certain mollusks and 
reef-building corals build shells consisting of aragonite. Crus¬ 
tacea generally adopt calcite, however, and shells built up in 
fresh water appear to be always calcite. The transformation 
calcite to aragonite is one of economic importance, and there 
are patented processes on the market for the ready elimination 
of boiler scale as aragonite by pretreatment of the water by some 
such method as electrolysis, at quite low voltages and current 
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densities, by using alternating current flowing between highly 
unsymmetrical electrodes (e.g,, an iron tank and groups of car¬ 
bon rods). However it works, it must cause changes in the solu¬ 
tion because the work is done before the water enters the boiler. 
Bloom and Buerger (46) have studied the same process with 
antimony oxides and find that, whereas the stable form from 
570°C to ordinary temperatures is senarmontite, the high-tem¬ 
perature modification, valentinite, can be formed at ordinary 
temi^eratures when an iV/100 solution of hydrochloric acid is 
present in the precipitating solution. 

Additional examples are given by Miles (47). Lead bromide 
forms a trihydrate at ordinary temperatures, PbBr2*3H20. 
Above 40°C the anhydrous salt is obtainable. But, in the pres¬ 
ence of gum arabic or dextrin, the anhydrous salt is formed at 
ordinary temperatures. In a similar way, the a and p forms of 
lead azide, PbNo, may be obtained out of their context, so to 
speak, by the appropriate impurities. Dextrin inhibits the for¬ 
mation of the p modification, while a cannot be obtained if there 
is 0.02% eosin present in the solution. Erythrosin and Neutral 
Red behave in a similar way. There are probably many other 
examples awaiting discovery. Saylor’s interesting article on the 
calcitc-aragonite transformation (30) has already been men¬ 
tioned. There is some difference between the stabilization of a 
form unstable at a lower temperature by hindering rearrange¬ 
ment of ions and the actual formation from seeds of the less 
stable modification instead of the more stable one. This is what 
has happened in both researches quoted above. The question 
of whether the stabilized structure is thermodynamically un¬ 
stable as Saylor suggested is not readily disposed of, and more 
data are required to take us further in our understanding of the 
process. Another interesting question too is whether a seed of 
the inhibited stable iorm is coated all over with an adsorbed 
layer of the potent impurity or whether the inhibition can take 
place, as in strong habit modification, without any detectable 

adsorption at all. 

An instance where habit changes and two distinct hydrates 
exist together is yielded in the calcium oxalate found in most 
plants. According to Groth’s Chemische Kristallographie (VoL 
III, pp. 129, 152) whewellite, Ca(C00)2*H20, is monoclinic and 


SOME DATA ON HABIT MODIFICATION 


385 


forms from more concentrated mother liquors or at higher tem¬ 
peratures. The other modification, the trihydrate, Ca(COO) 2 * 
SHoO, is tetragonal and is formed in the presence of hydrochloric 
acid. In plants, both modifications are found in a large variety 
of cells and diverse species, and it is possible that the monohy¬ 
drate is, in them, formed from more concentrated solutions, or 
possibly when CaS 04 is present in the sap in sufficient quantities 
practically to neutralize the metabolic oxalic acid. If we assume 
that an excess of oxalic acid in the sap will have the same effect 
as that of HCl quoted by Groth, the alternative, the tetragonal 
trihydrate, will crystallize out. The facts about the presence of 
these two variants have been known for nearly a century and 
are stated in the older textbooks of botany [e.g., Tschirch (48)], 
and, though no reliable information about the occurrence of the 
one or the other has been given, the causes for the two modifica¬ 
tions given in Groth may be analogous to those in the plant cells, 
^lany impurities are possible in plants, and a study of the in¬ 
fluence of a variety of impurities on slowly precipitating cal¬ 
cium oxalate by an expert in crystal habit changes seems called 
for if further progress in this interesting side-line of botany is 
to be made. In addition to the two types of crystal with differ¬ 
ent hydrates, each of the latter can exhibit the habit changes 
enlarged upon in this chapter (e.g., the tetragonal trihydrate can 
be found in its bipyramidal habit as relatively big crystals, often 
twinned, as in henbane; in belladonna, the crystals are smaller 
and exist as multitudinous aggregates not sintered together but 
called by the botanists “crystal meal”; in stramonium, single 
crystals are “fused” together in the form of rosettes). These 
three variations in habit take place in three closely related 
plants. The formation of rosettes does not necessitate any new 
type of impurity other than that modifying the shape of a large 
single crystal. In the writer's experience, an excess of impurity 
frequently leads to the production of various gro^d^h distortions 
of which rosettes or even objects resembling gall stones are com¬ 
mon (borax with Orange R, No. 161, or KCl with PbCk). It 
would be useful besides being interesting if the “rosettes” formed 
from crystalline products in the animal body could be treated 
and reduced to fine “crystal meal.” 
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IRelafionsliLap of SmlDsfamLces 

dliuirMig Crysfallizaiaon 


During the crystallization of one substance, other substances 
may be present in the liquid (melt or solution) or the vapor, and 
the relationship of these other substances to the crystals which 
form the large proportion of the material under investigation 
may vary widely. The changes effected in the external habit 
of the crystals have been discussed in the previous chapter; in 
the present chapter the association of these substances with the 
growing crystals, whether by inclusion or otherwise, will come 
under review. Materials present in a solution or melt during 
crystallization are frequently referred to as “impurities,” though 
there are a number of substances, particularly closely related 
chemical substances, which enter the growing crystals with such 
little disturbance to the structure and with such continuous 
changes in the physical properties that they cannot be so desig¬ 
nated from a crystallographic viewpoint but only from an an¬ 
alytical one. It is with examples of these that a logical beginning 
to the chapter can be made. 

The most intimate association between substances during crys¬ 
tallization is found when the two (occasionally more) substances 
are what is termed isomorphous (i.e., when they are related 
chemically and possess similar atomic or ionic configurations). 
Even then, limitations are imposed by differences in the sizes of 
the ultimate crystal units. Good examples are found in the 
alkali halides. The large proportion of these crystallize with 
the rock-salt structure, but only certain pairs of them are able 
to crystallize together in one approximately homogeneous “mixed 
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crystal.” KCl (a = 6.26 A.U.) forms good mixed crystals with 
KBr (a = 6.59 A.U.) but less perfect ones with NaCl (a = 
5.63A.U.) or KI (a = 7.10 A.U.). On the other hand NaCl 
does not form mixed crystals with RbCl. The type of bond may 
be important, too, because KCl does not form mixed crystals 
with PbS. The metals, too, provide many instances of complete 
miscibility in the solid state (e.g., K with Rb; Ag with Au; Ni 
with Pd; As with Sb). Although there are hundreds of examples 
of miscibility in the solid state, mention will not be made of 
more than a few of these relationships [e.g., any of the three 
substances K 2 Cr 04 , K 2 SO 4 , (NH 4 ) 2 S 04 , etc., or the trio KCIO 4 , 
K]Mn 04 , NH 4 CIO 4 ; also K 2 SO 4 • MgS 04 * 6 H 2 O and K 0 SO 4 • FeS 04 • 
6 H 2 O and the very large number of similar salts investigated 
by Tutton (1-5)]. The alums, too, are a widely known series, 
though it appears that there are three distinct types, Cs alum 
and Na alum, belonging to two slight variants of the typical 
structure. Another group, represented by Rochelle salt as a 
type, will be mentioned later in connection with their formation 
from the simpler K and Na tartrates. It is known, however, that 
a related salt, often called “ammonium Rochelle salt,” is able to 
form a continuous series of mixed crystals with Rochelle salt, 
having the general composition 

x% KNa 

(100 - x)% NH4 

These were investigated by Buckley ( 6 ) and found to be opti¬ 
cally monoclinic. The remarkable feature of this series, how¬ 
ever, is that, when the compositions in the solid are plotted on 
a graph against the compositions of the solutions from which 
they are deposited, a straight line is obtained (i.e., the compo¬ 
sitions in solution and solid are identical). In a later work (7) 
Buckley more or less assumed this to be the case after a few 
rough analyses and has since verified it for such series as 


Naj * 


C4H406-4H20 


x% KNa 1 

(100-x)%KKj 


C4H406-4H20 


as far as 50% KK tartrate; x% KNa (100 - x)% KNH 4 *C 4 H 40 o* 
4 H 2(3 up to 50% at least, and some others; this, too, although 
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some of the end members KK, KNH 4 , etc., tartrates do not exist 
with a Rochelle salt structure. In the writer^s view, a clearer 
picture of the mixed tartrates would be obtained if we got rid 
of the idea of end members of a series, such as KNa*tartrate- 
4 H 2 O and NH 4 Na* tartrate-41120, and looked upon all possible 
crystals of this type as having the formula R 2 -C 4 H 406 ' 4 H 20 , 
where the two R atoms may be combinations in certain vari- 
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Mixed-crystal formation; (NH 4 ) 2 S 04 -K 2 S 04 : proportions of the 
salts in solution and in the solid. (Fock.) 


able proportions of Na, K, and NH 4 . If any pair of identical 
cations alone are used, a different kind of crystal results (e.g., 
Na 2 C 4 H 406 - 21120 ) though there has to be always a certain 
amount of Na present. 

These mixed tartrates are mentioned here because it is unusual 
to find the same proportion of the constituents in the crystal as 
in the original solution. As a rule, solubility considerations 
alone would go against it, and it will be seen that, in the ex¬ 
amples to be cited next, the components usually have wide dif¬ 
ferences in solubility. 

In dealing with aqueous or other solutions of two substances 
(the “crystal” and the “impurity”) we are dealing with three- 
and sometimes four-component systems, the complete display 
of whose ramifications are apt to be very bewildering. It is 
frequently possible, however, to express certain features of the 
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complicated relationships on a relatively simple graph, and this 
will as a rule be attempted in the subsequent descriptions. 

If, for example, we take the case of the two salts K2SO4 and 
(NH4)_>S04, it is readily seen from Fig. 115 , taken from a work 
by Fock (8), that, when we prepare a solution containing 509 ^. 
(NH4)2S04 and the same of K2SO4, there is only about 8% of 
the former in the first deposit of crystals. To get 50 % into the 
crystals something like 90 % must enter the solution. 



Fig. 116. Mixed-crystal formation; K 2 SO 4 • CUSO 4 ■ 6 H 2 O and (NH 4 ) 2 S 04 - 
CuS 04 - 6 H 20 : proportions of the salts in solution and in the solid. (Fock.) 

The limitations of the graph compared with a proper phase 
diagram are seen here, for the curve of Fig. 115 gives no infor¬ 
mation about the change in concentration of the solution as 
K2SO4 is lost and the consetiuent gradual depleting of the later 
deposits in this component. The dotted curve in Fig. 115 is 
drawn from data for the system K2S04-K2Cr04-H20, and the 
bulge (representing the departure in composition of the crystals 
from the solution) is even more marked. Table 23 is for the 
K2SO4-(NH4)2S04 curve. Fock has made a long and painstaking 
investigation of a large number of crystallizations of these types. 
Figure 116 and Table 24 give similar information about the mix¬ 
ture of K2S04 -CuS 04*6H20 and (NH4)2S04-CuS04*6H20. 

Another type of curve is obtained if we plot the percent¬ 
age composition of the mixtures by weight against the recipro¬ 
cals of their densities (their “specific volumes”). The resulting 
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TABLE 23 

Mixed Crystals of K2S04-(NH4)2S04; Proportion (NH4)2S04 in 

Solution and Solid 

Amount in Solution Amount in Crystal 


0.00 

0.00 

37.39 

5.62 

52.90 

8.72 

78.62 

13.23 

81.50 

19.95 

86.05 

22.08 

88.87 

31.37 

89.60 

34.05 

94.02 

72.47 

96.25 

84.17 

100.00 

100.00 


TABLE 24 

Mixed Crystals of K 2 SO 4 • CUSO 4 • 6 H 2 O with (NH4)2*CuS04*6H20 

K Salt in Solution K Salt in Crystal 

0.00 0.00 

2.94 5.15 

5.06 10.34 

11.50 22.26 

16.76 33.05 

23.15 39.05 

30.40 46.22 

36.63 58.20 

50.15 75.34 

69.93 83.86 

100.00 100.00 

curves are straight lines as shown in Fig. 117 a and 1176 for 
K2S04-(NH4)2S04 and for KH2P04-(NH4)H2P04 and in Fig. 
118 for MgS04 *71120 with FeS04 *71120 ( 9 ). The first is typical 
of those pairs which form an unbroken series of mixed crystals. 
Figure 1176 shows an example where A is soluble in B to a cer¬ 
tain percentage and similarly B in A, but where a gap exists 
representing proportions which are not possible to the given 
substances in a uniform mixed crystal. Figure 118 gives another 
interesting complication. Among the sulphates of the divalent 
metals, it is known that there are three distinct crystalline types. 
MgS04*7H20 and ZnS04-71120 are orthorhombic (with holo- 
axial symmetry); ferrous sulphate is the typical monoclinic vari- 
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ety also with seven molecules of water of crystallization, whereas 
copper and manganese form sulphate pentahydrates belonging to 
the triclinic system. It has long been known that any one of 
these types can accommodate a certain limited proportion of 



(a) 



%KH 2 P 04 
(b) 


Fig. 117. Specific volumes of mi.xtures of (a) K2SO4 and (NH4)2S04, (b) 

KH2PO4 and NH4H2PO4. (After Miers and Bowman.) 


any of the other types and vice versa. Thus FeS04-7H20 can 
take in a certain proportion of the orthorhombic j\IgS04 *71120 
molecules without losing its characteristic symmetry and struc- 



Fig. 118 . Specific volumes of isodimorphous salts. (After Miers and 

Bowman.) 

ture. It can also include copper sulphate to a lesser extent. 
The data given in Fig. 118 show that, theoretically at least, 
an orthorhombic FeS04 *71120 can be postulated and that the 
MgS04 *71120 structure will accommodate up to 19 % of it and 
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still retain orthorhombic symmetry, while, in the same manner, 
a monoclinic MgS04 *71120 similar in structure to FeS04 *71120 
can also be assumed and the latter can take in up to 54% of 
the former. Similar relations hold with all the members of these 
types. The specific volumes and so the densities for these un¬ 
stable members can readily be obtained by extrapolation 
(Miers' Mineralogy, 2 nd ed. by H. L. Bowman, 1929 , London, 
Macmillan, pp, 257 - 262 , deals fully with these and related 
topics). Now in all these cases a change in the composition of 
the crystal takes place on account of there being a greater pro¬ 
portion of one constituent in the crystal than in the solution 
(the Rochelle salt-ammonium Rochelle salt series being excep¬ 
tional). Hence crystal layers at a later stage in the deposition 
will have a composition somewhat different from the earlier 
layers, and these again from the original nucleus. Thus we 
have a “coring” of the crystal—a continuous change in the rela¬ 
tive proportions of the ingredients as the process goes on. This 
is of particular importance to the metallurgist who finds it in 
most of his “solid solutions.” The latter term was originally 
applied by van't Hoff for those examples of mixtures of solids 
which lie regarded as a single i)hase, thereby simplifying their 
diagrammatical treatment. By analogy, sometliing akin to vapor 
fu’essure in a liquid solution should exist, and tliere is no doubt 
that, under suitable conditions, a solid substance scattered non- 
uniformly througiiout another one may show a tendency to become 
uniformly distributed throughout the host crystal. This is par¬ 
ticularly so with highly symmetrical ions or atoms such as arc 
usually found in metals and alloys and especially when placed 
in a temperature range where migration of atoms is facilitated. 

Suitably treated, then, an alloy, originally cored, may eventu¬ 
ally show an even composition practically as uniform as that 
found in a normal liquid solution. The atoms of the one metal 
then occupy certain definite points in the space lattice of the 
other only with a spacing which is some multiple of the latter, 
and we are then confronted with the conception of the “super¬ 
lattice.” Frequently the non-uniform solid-solution structure 
evolved at a high temperature has the opportunity to become an 
evenly distributed arrangement if cooling is not too rapid, but 
with rapid chilling the non-uniform structure may be frozen and 
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persist at ordinary temperatures when, in many cases, there is 
no further opportunity for diffusion on a sufficient scale to occur. 

There is no difference in character between the mixed crystals 
first mentioned and the solid solutions just described, unless it 
be that the possibility of self-annealing by diffusion is largely 
ruled out in the mixed crystals on account of the shapes and 
sizes of the building particles involved. It is obvious that, 
where a Mg or Fe atom might be able to diffuse to a position of 
greater uniformity in the structure with a resulting increase in 
stability, such an opening would be difficult or impossible with 
an SO4" or Ci'oOt" ion in a mixed crystal. Hence cored struc¬ 
tures in inorganic mixtures such as the K2S04-K2Cr04 series 
would tend to remain intact indefinitely in the solid. A further 
feature of such series, which is not brought out in Fock’s figures 
(loc. cit.) is that not only is the proportion of, say, (NH412804 
to K..SO4 in the crystal conditioned bv the relative amounts 
of the two in the solution, but, according to Ritzel ( 10 ), it 
may vary with the speed of crystallization. The quantity of 
(NH4I2SO4 which is carried down from a solution of given 
proportions will be increased if the crystallization is greatly 
speeded up. As a consequence the mixed crystal will be unstable, 
and, if left in a saturated solution of the original composition, 
some re-solution will occur, though migration outwards of the 
(NH4)’ ion and its replacement by the K' ion could probably 
take place through the solid structure. Re-solution is corrobo¬ 
rated by Bunn ( 11 ). Frequently, too, if the unstable mixed 
crystal is left dry, separation of the excess, with the formation 
of another phase, results. It is not always easy to distinguish 
this true separation or “unmixing” due to instability from the 
seeping out of solution from channels and grooves in the crystal 
itself. Probably this will account for the separation of sodium 
thiosulphate crystals from NaClOs or of KC 10 ;i crystals from 
K2SO4, though the separation of excess of Kj\In04 from a mixed 
crystal of this compound with barytes may be a genuine case 
( 12 ). The mixed crystals were formed at 50 °C, at which tem¬ 
perature 60 % (molar) of KMn04 is permissible; at lower tem¬ 
peratures not more than 40 % is tolerable and the excess separates 
out. The difficulties of preparing mixed crystals of substances 
with such widely differing solubilities is obvious. Even more so 
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would be a mixed crystal with calcite and NaNOs as components. 
Gaubert ( 13 ) mentions how a true solution of a dye like methyl¬ 
ene blue, or other colored substance such as purpurin, in a molten 
organic substance like vanillin or terpene, capable of ready super¬ 
cooling, may be repelled as the melt slowly crystallizes or may 
be cooled with such speed after much supercooling that the dye 
remains as a frozen-in solid solution which is intensely colored 
and will exhibit strong pleochroism. 

In all except the most open structures, it will be practically 
impossible for the frozen-in ions to migrate; the writer has 
found colored ions whose pleochroic properties in a host crystal 
had undergone no apparent change after 15 years. Lmmixing to 
form two crystalline phases would be out of the question in such 
a case. If the urge to unmix were strong enough, the units 
formed of at least one of the two phases would be of molecular 
dimensions and not crystalline in the generally understood sense. 

Now just as not all truly comparable isomorphous crystalline 
substances are able to form mixed crystals, so it is often found 
that two not very closely related substances may be able to 
form them. There are many examples in the literature (e.g., 
LiF and AlgFa, YF.-j and CaF2) where replacement of one by 
the other in varying proportions in the typical solid-solution 
fashion is found to occur. When this happens, it is generally 
found that the two crystal structures present similar features. 
For example, the Y'F^ structure is very like the fluorite struc¬ 
ture, but in a unit of four molecules there are four excess fluo¬ 
rines. These locate themselves thus: one at ^he 

other three at (V2OO), { 0 y> 0 ), and (00^^) (i.e., at the unit-cube 
center and at all unit edge centers). The latter example may 
be regarded as a mixed type of replacement. So far, all that 
has been put forward refers to solid solution by atomic or ionic 
replacement. Another type is found only where the atoms of 
the entering body are much smaller than those encountered in 
the crystal structure. In the latter event, the atoms can move 
readily by diffusion through the spaces left in the structure when 
all the normal atoms and ions are in contact; it is a type known 
as ‘‘interstitiaT' solid solution. Typical examples are hydrogen 
in palladium and carbon in steel. In the case just quoted of 
YF3 in CaF2, a portion YF2 corresponds exactly with CaF2 (i.e., 
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Y is substituted for Ca), but the excess F ions needed for valence 
reasons occupy positions in the fluorite structure which can be 
regarded as interstitial, though they are rather big for the pur¬ 
pose [the central F atom, surrounded by eight other F atoms on 

the fluorite arrangement, would only have for room (— D d — 
0 . 732 d, where d is the normal diameter of fluorine]. This indi¬ 
cates some slight opening up of the lattice. 

There are still other types of close association of substances 
during crystal growth. It is well known that not only does one 
crystalline body enter into the structure of a related one, but 
that often it forms a stable compound of fixed proportions with 
it. Alany such—the intermetallic compounds—are found among 
metals. A number of well-known examples from commoner sub¬ 
stances will be used to illustrate some of these types. Perhaps 
the best known of all is the series of alums, formed from the 
two components K-SOi and AlolSO^).*! with water. Essentially 
we require an aqueous solution of an alkali-metal sulphate or 
selenate (ammonium, in addition, will serve) and another of a 
tervalent metal such as A 1 or Fe. When mixed, an alum always 
results, whether the components are present in correct proportion 
or not, and at all temperature ranges normally available. If a 
large excess of either component is present, some of this will, 
naturally, crystallize first. Again, the resulting alum crystals 
can be redissolved in pure water and recrystallized without 
change. [In one or two cases only, pH may be important, but 
von Hauer ( 14 ) early found that iron alum crystallized better 
and retained more effectively its water of crystallization when 
dry if grown with a trace of ordinary potash alum present.] The 
formation of an alum is part of a three-component system [viz., 
K2S04-Al2(S04)3-H20]. Another three-component system is af¬ 
forded by the formation of Rochelle salt, K*Na*C4H40o*4H20 
from crystalline components K2(C4H40«) • ''/2H2O, Na2(C4H40c) * 
2H2O, and water. This system is more restricted than the alum 
one in that it is only at a temperature below 55 °C that the 
double salt is formed, and, if the crystallization is carried out 
above this temperature, the separate components are formed. 
A further complication lies in the fact that the Rochelle salt 
crystal-structure framework is fairly tolerant of excess of K or 
Na, and, as already mentioned, various proportions of K, Na, 
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and NH4 have been successfully incorporated [e.g., (6), (7), 
( 15 ): Ki^Na^(C 4 H 406 )- 4 H 20 ; KiNaH(NH 4 )^(C 4 H 406 ) • 4H2O; 

(NH4)iNaHK>^(C4H406)-4H20; ^4U20 

(difficult)] with various other proportions. These, however, com¬ 
plicate the issue, and only the pure compound (KNa) will be 
treated here. 

Still another tyj)e of double compound is afforrled by KMn04 
and K2Cr()4 ( 16 ) (Plate 48 1, probably in the ratio of 2 : 1 . This 

crystallizes only when there is 
a large excess of the more sol¬ 
uble K2Cr04 in the solution; 
furthermore, if the hexagonal 
crystals of the double salt are 
redissolved in pure water, de¬ 
composition sets in and needles 
of K]\In(')4 are the first to de- 
I)osit. Similar in character to 
this are the sharp cubical tetra- 
hedra (Plate 491 which are 
crystallized when barium ni¬ 
trate is mixed in solution with 
barium or potassium ferrocy- 
anide. This was first mcn- 
tionofl in a paper by the writer 
( 17 ) where, howe^'er. the ascer¬ 
tained percentage of barium is 
(probably too low and the water 
too high. The crystals are defi¬ 
nitely cubic, optically isotropic, and with a unit-cell length of 
about 20 A.L". and a high proportion of the nitrate probably of 
the order of Ba(NO;DBaFe(CN)«-GH^O = 8 —^ 10 : 1 . Four 
large molecules of about 3000 molecular weight should about fill 
each unit cell. The structure is apparently complicated, and no 
one has attem{)ted to work it out. 

The tetrahedra are unstable to pure water and Ba(N03)2 
crystallizes from the solution in which they dissolve. A similar 
case is that of PbCl2 + KCl, forming a double salt (K-PbCl.-^l.t* 
H >0 which is also unstable to pure water, a large excess of KCl 
being required. The crystals also form aggregates in which KCl 



Pr.ATK 48. T)i(* double salt K 2 Cr 04 - 
2 K.Mn 04 growing in solution. (Buck- 

ley.) XU). 
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and the salt are sandwiched in layers, ( 111 ) of KCl being nearly 
identical with ( 323 ) and ( 121 ) of the double salt. The structure 
and the layer-like arrangement have been ascertained by the 
X-ray method by Mehmel and Nespital ( 18 ). This arrange¬ 
ment is really, however, a parallel growth, and these are dealt 
with in a later section. 



Plate 49. The double salt of Ba(N0.3)2 and Ba 2 Fe(CN) 6 . X4. 


In all the above examples, there is a common ion (e.g., the 
SO/' ion in the alums, the K 'ion in the last mentioned). But 
strange and weird associations are sometimes possible, with no 
common ion and no apparent similarity in the two structures. 
Perhaps the strangest of these is the double salt NaCl-KoSoOo. 
The former is cubic, with the well-known rock-salt structure; 
potassium dithionate is trigonal with the symmetry of quartz, 
being in consequence slightly piezoelectric; but the double salt 
is tetragonal. Fairly large homogeneous crystals are not difficult 
to prepare and are not decomposed when redissolved but may 
be crystallized over again. Some inkling of the connection be¬ 
tween the behavior of the “three-component” examples given 
above can be gleaned from a perusal of the phase-rule section of 
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a treatise on physical chemistry (e.g., Glasstone, Textbook of 
Physical Chemistry, Macmillan, 1944 , pp. 798 et seq.). 

In Fig. 119 Sa and are the two solid components whose solu¬ 
bilities in water are represented by points A and B, M is the 
double compound, here one molecule of each. AC is the solu¬ 
bility curve of Sa in water when is present, and BD the same 
for Sft, CD is the solubility curve for the double salt. At E, 
where the vertical line through M intersects CD (a line repre¬ 
senting all concentrations where Sa — S^), we have the satura- 


H2O 



lations of two salts form¬ 
ing a double salt stable 
to pure water. 


H2O 



Fia. 120. Solubility re¬ 
lations of two salts form¬ 
ing a double salt un¬ 
stable to pure water. 


tion point for the double salt. AVhen water is added to the 
double salt, route ME is followed, and beyond E the curve rep¬ 
resents the unsaturated double-salt solution. Evaporation merely 
reverses the process. A solution represented by the point I is 
unsaturated but contains a far larger proportion of Sa. On 
evaporation, Im is followed, and, at m pure Sa deposits, the solu¬ 
tion weakening in Sa content until, at C, Sa and double salt are 
deposited together and CE is followed. At E, deposition of Sa 
ceases and only double salt remains. This is the case of the 
simpler alums, only that S^, say Al2(S04)3, and M, the alum, are 
hydrated in the solid and the pure compounds will also con¬ 
tain water. Consider a different case as shown in Fig. 120 . 
Here the concentration of the double salt follows the line Mmi 
so that, as the solid is diluted, mi on AC is reached. It could 
also be reached by evaporating an aqueous solution such as 
shown by h. In either case, pure Sa will deposit on further evap¬ 
oration (i.e., the double-salt proportion at saturation point is 
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not in equilibrium with the double salt but with Sa, and the 
addition of water will decompose it). Further evaporation will 
cause the line AC to be traversed until C is reached, when 
double salt should be deposited. As the original solution con¬ 
tained iSa and Sb in double-salt ratio and Sa has been depositing, 
the solution will be impoverished of this component and double¬ 
salt deposition will have to attend the re-solution of Sa and diffu¬ 
sion to all parts, and, if this is hindered by rapid evaporation, 
deposition of double salt is largely prevented. 


HgO H2O 




If we desire immediate crystallization of the double salt, an 
excess of the more soluble St, must be added to bring ^ to Uj 
when evaporation will bring us to a point inside the curve CD. 
This is precisely what happens with K2Cr04:2Kj\In04. Excess 
of the former component insures immediate crystallization of the 
double salt, and, if crystals of the latter are redissolved in pure 
water, long needles of KMn04 separate out on evaporation. 

Figure 121 may be studied to render intelligible the formation 
of Rochelle salt. and Sb are the two solid tartrates, AC and 
BC their solubility curves for a given higli temperature, EF that 
of the as yet unreal Rochelle salt at the same temperature. When 
the vertical through M is proceeded along downwards (i.e., by 
isothermal evaporation), a point on AC is reached before the 
solution is saturated with respect to the double salt and the 
latter cannot form. In the same diagram, AxCi and RiCi, also 
EjFj, represent the same characters at a somewhat lower tem¬ 
perature, and it will be seen that Ci touches ExFx. The signifi¬ 
cance of this is that this point Ci is the first at which Rochelle 
salt becomes possible. In Fig. 122 A0C2 and B2C2 show a further 
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displacement of the solubility curves of Sa and Sb, and now 
evaporation of a solution with the double-salt concentration gives 
the double salt after a preliminary deposit of one compound, 
corresponding to ynn on A2C2 (at n, double salt will start deposit¬ 
ing). However, on diluting the solid double salt of composition 
M, the latter will suffer decomposition as shown in Fig. 120. 
When the temperature yields a state represented by curves 
A2C2B0 and EoF2y however, the double salt is completely stable 
both to solution and to water. 

The next section will deal with a rather less intimate degree 
of association of two sul)stances during crystallization (viz., the 
formation of parallel growths). 

Parallel Growth 

In our description of the highest degree of association, the 
formation of mixed crystals, no mention was made of the forma¬ 
tion of overgrowths, for, though they are usually found with 
crystals which do form complete admixtures, they are not ad¬ 
mixtures l)ut parallel deposits of one component on the surface 
of the other. The alums afford splendid examples of this type, 
one such presented by Messrs. Peter Spence of AVidnes, Lanca¬ 
shire, to the writer being shown in Plate 50. As a matter of 
fact, the simplest cases of overgrowths occur very regularly in 
nearly all crystallizations, for, owing to interruptions in the 
continuity of the deposition due to periodic changes in the 
growth conditions, such as the daily warming up in a morning 
or the temporary exhaustion of a solution after an active burst 
of crystallization, a crystal often remains a length of time in 
contact with its surroundings without growing and may even 
get light showers of dust particles on it or, if momentarily lifted 
out, acquire a film of adsorbed air on it. Subsequent growth is 
in no sense different from an overgrowth except that the condi¬ 
tions for it are nearly ideal. Growth on the average crystal 
then starts in several places on the same surface, and it is the 
manner in which the different new parts coalesce as they meet 
which decides the perfection (or otherwise) in appearance when 
the layer is completed. If the new growth starts as a result of 
the substance in the surrounding supersaturated layer being an 
isomorphously related one, the conditions for a perfect layer are 
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that the reticular distances must very closely approximate each 
other. In this sense, the complete overgrowth is but a series of 
parallel growths which have extended to meet and form a uni¬ 
form layer. There is also another distinction, for a true over¬ 
growth is possible only when there is not only a good fitting 
together in the one direction but also in the other directions as 
well. This can only occur with similar crystal structures, so 



Plati: so. Ovci’Kiowlh of K-.\l alum on K-Cr alum. (Messrs. Peter 

Sp('neo, Widnes, Enjrland.) XL 

that, although a number of parallel growths may extend until 
they cover the surface, these types of “overgrowth” will never 
be as complete or regular as a real overgrowth. Barker’s “zonal 
growths” (19) correspond exactly with these true overgrowths, 
and he points out that it was only where there was almost iden¬ 
tity of molecular volume that these occurred. 

It is now time to inquire what is the fundamental minimum 
condition for a parallel growth. This would appear to be 
identity or near identity as regards the dimensions and nature 
(positive or negative charges, etc.) of a row of atoms or ions 
in the crystal structure of the one and of the other. The row 
of atoms may appear in the corresponding plane in the two 
structures, as is customary with closely related structures like 
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the various alkali halides or KMn04 with barytes, or it may 
appear on entirely difYerent planes in the two structures. 

It would also seem that, in all cases investigated and popu¬ 
larly discussed, these planes are always those of low rational 
indices, so that it is usual to define a parallel growth of ^ on B 
in such terms as [hkl],i \\ lh'kT]B and {hikdi )a \\ (h2k2l2 )b, 
though the possibility of one of the latter planes being irrational 
sliovild not be overlooked. In addition, at times, the minimum 
conditions just stated may include other coincidences which may 

be merely coincidences of ge- 

_ ometry rather than necessary 

/ \ features of the parallel growth. 

Such is the case with the al- 
\ /\ halides, for, if the two 

axes on the (001) planes 
\ l < y coincide, the fOlO] axes, being 

at right angles, must nccessar- 
ily do so. A better example 
is perhaps that of the ortho- 

Fig. 123. KMnO» and KClOa rrvs- i i • jr-\T +i 

, , , . ,, , rhombic Ki\In04 on tlie mono- 

lal.s grown togclhor in parallel posi- . 

tion. (Biickloy.) clinic KCIO.s where, funda¬ 

mentally, f010]*KAInO4 lies 
j)arallel to (010] of KClOa and (100) of KAIn04 to (100) 
of KClOa (201. These two conditions necessitate the parallel 
orientation of the two respective [001] zone axes as well, and, 
although it is possible that the crystals would grow parallel by 
virtue of the latter coincidence, the habits of the two crystals 
bring it about that the f010| axes are the ones always in evi¬ 
dence (Fig. 123 and Plate 1). Although parallel growths had 
been known for many years before, both with minerals and with 
artificial salts, the first systematic work was undertaken by 
Barker (19, 21. 22). He took series of related salts, such as 
the alkali halides, the alkali sulphates and chromates, and the 


alkali perchlorates and permanganates, impressed with the rela¬ 
tionship of the latter to the mineral barytes (BaS04)- He found 
that only those substances, even when they had the closest 
chemical and crystallographic relationships whose molecular vol¬ 
umes were closely related, would form parallel growths on each 
other. A close similarity in this respect was even more impor- 
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tant than their other relationships (e.g., the growth of KMn04 
on BaS04 though NaCl would not grow on RhBr or RhI). Ac¬ 
cording to Barker, the essential directions in these two ortho¬ 
rhombic crystals are not the Y axes, which on a casual insj^ec- 
tion do appear to be parallel, but the edges formed by inter¬ 
section of ( 001 ) and ( 110 ) planes (i.e., zone axes [iTO]). This 



Platf; 51. Parallel growth of NaNOs on a clean cleavage surface of cal- 

cite. X8. 

(110) plane is really the (210) plane of the crystal structure 
but is still largely used today through its wide-spread existence 
in the literature. Wherever there is any doubt, emphasis should 
be laid on which notation is meant. There are a number of 
cases where doubt is felt with regard to the exact nature of the 
direction of the common line in the parallel growth. Another 
one is that of NaNO.-j on the rhombohedral face of calcite (Plate 
51 ). Barker suggests this as another example of the face edges 
being parallel and not the face diagonals. But, as Royer later 
shows ( 23 ), many other faces of calcite provide opportunities 
for parallel deposition of NaNOg crystals [e.g., the prism [211! 
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and the (rare) basal pinacoid {HI}]. In both these the direc¬ 
tion 100-111 (i.e., [Oil]) would seem the unique direction and, 
as this is practically parallel in the two crystals on the (100) 
plane, seems likely to be the unique direction in the case of all 
growths of NaNOs on calcite. 

Royer (23) later repeated Barker's results for, in particular, 
the alkali halides and found a number of instances where the 
parallel growths seen by Barker were not of, say, A on B, but 
occasionally of A itself on A through some prior re-solution; or 
at times they might consist of a different alkali halide brought 
into existence by double decomposition. For since both A and B 
exist in solution as two sets of ions, it is obvious that, where 
these are all different, combinations other than those originally 
present are there potentially, and, if one of these possesses the 
least solubility, it will crystallize out first. Royer has modified 
Barker’s original table and has substituted the actual unit-cell 
lengths for his molecular volumes as these show the relationship 
of the structures better. 

A perusal of Table 25 (after Royer) will illustrate one of the 
most important features of parallel growth formation (viz., the 
closeness of approach to identity in the distance between like 
atoms or ions in a row of the one structure and of the other). 
Where there is not this close approximation, even identity of 
structure type and similarity in chemical and physical proper¬ 
ties will not avail. As a rule, the rock-salt structure types, 
shown in Table 25, will not form parallel growths on crystals 
belonging to the alternative (caesium chloride) types, though 
these will grow on each other’s surfaces if the above rule is ad¬ 
hered to (i.e., close approach to identical ionic distances). Fur¬ 
thermore a case is known where one rock-salt type (NaCl) will 
grow in parallel position on a CsCl type (viz., NH4Br) but 
with a new orientation, at 45° to the orientations adopted by all 
members in Table 25. Royer, in his very comprehensive work 
(231, deals not only with parallel growths of similar substances 
similarly orientated, as in Table 25, but also on similar sub¬ 
stances where the coincidences are aligned in different lattice 
directions, and lastly on the orientating powers of different struc¬ 
tures for each other. 
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TABLE 25 
(After Ro 3 ^er, 23) 


Rock-salt U'pe (a = x A.U.) Galena a = 5.04 

NaBr a = 5.05 



NaCl 

5.63 

KCl 

6.26 

KBr 

6.50 

RbCl 

6.60 

RbBr 

6.85 

KI 

7.10 

NIKI 

7.20 

Rbl 

7.32 

NaF 

4.62 

X 

X 

X 

X 

X 

X 

X 

X 

LiCl 

5.14 

P 

X 

1 

i 

X 

X 

X 

X 

X 

X 

KF 

5.35 

P 

1 X 

X 

X 

X 

X 

X 

X 

LiBr 

5.40 

P 

p 

1 

X 

X 

X 

X 

X 

X 

NaCl 

5.63 

• 

1 

1 

p 

X 

X 

X 

X 

X 

X 

RbF 

5.70 

P 

p 1 

1 

X 

X 

X 

X 

X 

X 

NaBr 

5.05 

1 

P 

? 

• 

1 

1 

p 

? 

» 

X 

? 

• 

X 

? 

• 

CsF 

6.03 

P 

p 

X 

X 

X 

X 

X 

X 

Li I 

6.06 

P 

p 

p 

X 

X 

X 

X 

X 

KCl 

6.26 

P 

• 

? j 

1 

p 

1 

1 

1 

? 

« 

1 

X 

X 

X 

Nal 

6.46 

KBr 

6.50 

X 

X 

? 

? 

1 

? 

• 

• 

? 

« 

? 

? 

• 

p 

p 

p 

p 

p 

RbCl 

6.60 

X 

p 

? 

» 

• 

? 

• 

p 

X 

X 

RbBr 

6.85 

X 

? 

p 

? 

« 

1 

p 

p 

p 

KI 

7.10 

X 

X 

p 

p 

p 

• 

? 

• 

p 

NH 4 I 

7.20 

X 

X 

p 

X 

; P 

? 

• 

» 

? 

• 

Rbl 

7.32 

X 

X 

p 

X 

p 

p 

? 

• 
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Some cases are known where two substances possess similar 
structures, but they cannot be said to be closely related chemi¬ 
cally. NaNO;{ and CaCO.-j, KMn 04 and BaS 04 have been men¬ 
tioned. Another interesting one of this kind is the pair PbS and 
NaBr. At temperatures over 51 °C, oriented cubes of the former 
will grow in the manner of the rock-salt series on the cube faces 
of the latter. In addition, though NaBr crystallizes below this 
temperature with two molecules of water of crystallization, 
Royer states that cubes of NaBr (the dihydrate is monoclinic) 
will still form in parallel position at temperatures several de¬ 
grees below this. A good example of parallel deposition between 
an NaCl and a CsCl type is afforded by NaCl growing on NH 4 Br. 
Rover added a little urea to an alcoholic solution of NaCl and 
had no difficulty in growing cubes on the cube faces of NH 4 Br, 
most of which were parallel to the cube diagonal but a number 
were parallel to the cube edge. The former were found to con¬ 
sist of NaCl and the latter of NH 4 Br which had passed partly 
into the solution and had for obvious reasons crystallized in an 
orientation identical with the NH 4 Br crystal below. 

Royer found this to happen also on the (110) plane of NH 4 Br. 
A glance at the lattice spacings of the two crystals will provide 
the explanation. Ammonium bromide possesses a CsCl structure 
(Fig. 124) with unit-cell length a = 3.98 A.U. This is exactly 
the same as half the cube diagonal of NaCl. Similar considera¬ 
tions hold for the {110} planes, which are: NaCl, 3.98 X 
2.81 A.U.; NH 4 Br (rotated through 90°), 3.98 X 5.62 A.U. (i.e., 

2 X 2.81 A.U.). 

One of the best-known examples of parallel growth is that of 
ammonium iodide on muscovite mica. The superimposed pat¬ 
terns of the ( 111 ) plane of contact of the cubic (rock-salt) am¬ 
monium iodide and the practically trigonal ( 001 ) plane of the 
mica show a striking coincidence, the dimensions being 5.15 A.U. 
along a row parallel to the axis of the mica and 5.09 A.U. 
along an edge of the unit triangle in the cubic NH 4 I, actually the 
zone axis [OlT]. Rbl and KI do not w'ork so well on muscovite 
as NH4I, but Rbl, with a triangular spacing of 5.20 A.U., is bet¬ 
ter with phlogopite mica (5.22 A.U.) than is NH4I. Plate 52 
shows a typical growth of NH4I crystals on a freshly cleaved 
mica surface. It is obvious that the row of atoms parallel to 
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the X axis of the mica is the determining feature of the growth 
since the other two edges may be reflections of each other across 
this line (with the triangles pointing opposite ways). Franken- 
heim (24) appears to have been the first to discover this type 
of parallel growth (1860). 

= 3.98A 


\ 



Fig. 124. (a) The (100) network of NH 4 Br (broken lines), superimposed 

diagonally on the (100) plane of rock salt. (6) Unit networks of NH^Br 

and NaCl superimposed at right angles. 

West (25) has recently mentioned a case where the epitaxis 
is put to a good use (viz., in the orientation of large crystals of 
NaNO.-, on muscovite or phlogopite). The growth takes place 
by Stober’s metbod; molten NaNOg is used, and the [2lT] zone 
axis of the crystal is aligned parallel to the [010] axis of the 
mica. West considers that the triangles of the mica (5.15 A.U. 
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(001) plane of mica. All three directions at 60° to each other 
(mica is i)seudohexagonal) arc occupied by the parallel-placed 
needles (with occasionally a needle at 30° to these directions). 
These minute inclusions diffract the light, so that a spot source 
appears like a six-rayetl star. Plate 53 shows a piece of star 
mica magnified to show the inclusions. 



Plate 53. ‘'Star mica” onlarscd 
other: parallel jjrowths 


15 times to show inclii.<5ions at 60® 
of mineral needles on the mica. 


to each 


It is obviously unnecessary for the phenomena always to occur 
in atpieous solutions and, in fact, structures which occur in 
eutectics or cutectoids freciuently show what appear to be orien¬ 
tated structures. The well-known Widmanstatten figures are 
due to the separation in parallel juxtaposition of kamacite (Ni 
in a-iron) and taenitc (Ni in y-iron) as the meteorite cools. 
Pearlite is known to consist of a-iron and cementite, Fe;,C, in 
parallel orientation (26). Another instance appears to be the 
eutectic of copper-antimony alloy and antimony, in which the 
numerous crystals of the former are identically orientated and 
in parallel position to the primary crystals of the latter (27). 

An excellent summary of all cases of epitaxis brought to light 
u]) to the present time, together with the percentage “misfit’^ be¬ 
tween salient features in the two contacting surfaces, has been 



412 RELATIONSHIPS DURING CRYSTALLIZATION 

put before the April, 1949, meeting of the Faraday Society at 
Bristol by van der Merwe in a paper entitled “Misfitting Mono- 
layers and Oriented Overgrowths^' (28). 

Recently the field has been extended by the work of Frondel 
in a number of papers on minerals (29-31). In the latter (31) 
he cites muscovite from Manhattan schists. Included in these 
are staurolites, garnets, and zircons, and these appear to have 
found themselves resting on the flat plates of the former crystals 
and to have gradually taken up positions of approximate orien¬ 
tation with respect to it. The preferred orientations mark final 
resting positions of relatively low interficial energy. Two or 
three ofjhe “paraUel” growths mentioned by Buckley (20) fe.g., 
where ( 101 ) or (210) of KMn 04 rest upon ( 001 ) of KCIO 3 with 
certain zone axes also parallel] appear to be of this class and 
have perhaps been formed in the same way. 

Frondel mentions the possibility of growth of discrete crystal 
units to form a bigger one, quoting also Walmsley's work on the 
aggregating of metal oxide smoke particles (32) and Schubni- 
kov’s experiment on the adhering of small alum crystals to a 
larger ( 111 ) plane when in the preferred orientation to do so 
(Chapter 7). This is in keeping, too, with Anscheles and Fed- 
erov’s suggested method of growth (Chapter 5) and to some 
extent with Traube and Behren’s “submicron” theory. There 
seems no reason to doubt the possibility of such growth by ac¬ 
cretion, though one may dismiss it as a mode of crystal growth 
capable of producing first-rate crystals. Two specimens of sev¬ 
eral such types of accretion (they could hardly be called den¬ 
drites) formed when potash alum is grown with the cubic habit 
in the presence of Mandarin Orange G (Actien) (Colour Index 
No. 151) are shown in Plate 22. The cubes would appear to 
have been already fairly big before they sintered together to 
form the larger unit for they are all approximately of one size. 

Frondel (33, 34) also investigates the incrustations of various 
minerals on others and finds these also to be selective (e.g., 
hematite goes on the positive rhombohedron of quartz). Simi¬ 
lar phenomena occur with hematite on calcite { 0221 }, though 
marcasite goes on to (2131) of calcite. He attributes the effort 
to adsorption, and it is probable that, on account of their size, 
they are a half-way house between parallel growths proper and 
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hourglass inclusions in crystals—to be dealt with shortly. Be¬ 
fore leaving this aspect of crystal relationship, it is interesting 
to know that parallel growths by means of sublimation also 
exist. Hocart (35) has found that, if arsenolite or senarmontite 
is sublimed and condensed onto a clean mica surface, orientated 
octahedra are formed. The spacings in the rows on the mica 
(001) plane and the octahedral planes of the two crystals are 
13.66, 13.54, and 13.64 A.U.—typically close for this kind of 
association. This could be taken as similar in nature to the 
deposition (when orientated) of metals on various substrates by 
methods such as vaporization and cathodic spluttering. On glass 
or other amorphous surfaces, the metal layer will be randomly 
arranged at lower temperatures and may be orientated in some 
fiber arrangement if hot. There is no orientated connection with 
the under surface, however. When the substrate is a simple 
crystal and the temperature high, so that motion of the metal 
atoms permits of selection of the location of the adhesion, orien¬ 
tation apparently similar to a parallel growth may result. 

Lassen and Briick (36, 37) have experimented along these 
lines and have made the ratlier remarkable observation that the 
cube face of rock salt (a = 5.62 A.U.) will orientate silver de¬ 
positing from vapor (a = 4.08 A.U.) with the cube faces and 
edges of each parallel. They are taken to task by Royer (38), 
who points out the vital significance of such an admission to 
the whole theory of parallel growths. He shows that, if the 
crystals of silver grew with their cube edges (a = 4.08 A.U.) 
parallel to the face diagonal of a rock-salt cube (length 
3.97 A.U,), there would be no conflict with the vast proportion 
of other observations. Lassen and Briick (39) reply that, in 
spite of the big discrepancy (25%), the growth is in accordance 
with their earlier statement but is similar to the growth of KI 
(a = 7.05 A.U.) on NaCl, also with a large discrepancy between 
lattice dimensions. They find, too, that, if NaCl is deposited 
on single-crystal silver, Royer’s suggestion holds (viz., NaCl 
cube edge is parallel to the silver cube face diagonal). Briick 
(40) subsequently gave details of how Ag, Au, Al, Cu, Ni, Pd, 
and p cobalt all grow in the same manner, while, just as con- 
trarily, Fe and Co grow with their cube edges parallel to the 
face diagonals of rock salt. 
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Rudiger (41) finds that temperature has a notable effect on 
the nature of the juxtaposition of layer and substrate with Ag, 
Au, and Pd. Various single-crystal substrates like rock salt, 
fiuor, and calcite are used, and it will be seen from Table 26 

TABLE 26 

“Parallel” Deposition of Ag, Au, and Pd on Various Crystalline 

Substrates 


(After Rudiger, 41) 


Metal and 

Temperature for Parallel Deposition on the 

Substrates Below, °C 

Plane 







NaCl 

(by Brack) 

Mica 

Calcite 

Fluor 

Polished 

Quartz 

Silver 






111 

X 

150 

470 

>500 

600 

100 

150 

X 

510 

X 

X 

110 

X 

X 

X 

X 

X 

Gold 

1 





111 

X 

450 

360 

380 

450 

100 

400 

X 

470 

X 

650 

110 

X 

X 

510 

X 

300 

Palladium 






111 

X 

470 

400 

400 

540 

100 

250 

X 

420 

X 

X 

110 

X 

X 

490 

X 

X 


that the same metal crystals may deposit under various condi¬ 
tions with (100), fllO), or (111) as plane in contact with the 
substrate. It was found subsequently by Menzer (42) that, 
although the orientations suggested by these workers are ap¬ 
proximately correct, there is very great distortion, and the metal 
films not only consist of small crystallites arranged in parallel 
positions but also interpenetration on the fluorite law fill] is 
common with all four possible orientations (i.e., fill], fllTj> 
[iTl], [Til]) made use of. Perhaps this is to be expected; the 
astonishing feature is that with such wide differences between 
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dimensions of metal and substrate any parallel deposition should 
occur at all. 

There is a vast literature on the subject of parallel growths, 
and the writer has not been able to discuss more than a fraction 
of the known examples and has omitted reference to many which 
deserve equal mention with those given herein. We must now 
leave this aspect of association of substances during crystal 
growth and turn to the type next in descending order of struc¬ 
tural relationship (viz., to the examples where orientated inclu¬ 
sions, such as hourglasses, are formed and deposition is found on 
certain planes and not on others). 

It is often noted that, whenever an impurity attaches itself 
to one plane of a crystal and not to an adjacent plane, the rela¬ 
tive rates of growth of these two planes are upset. As pointed 
out in the previous chapter, the converse does not necessarily 
follow, since far stronger habit changes (upsetting of the relative 
rates of growth of adjacent faces) may be induced by impurities 
which do not aiipear to attach themselves to the planes most 
affected, though they readily do so to other nearby planes. The 
first stage in the process may possibly be one of adsorption some¬ 
what similar to the classical adsorptions investigated by Faneth 
Fajans and others. But, to get systematic deposition of foreign 
ions close to each other so that a crystallite is formed on the 
surface of the host crystal, supersaturation conditions for the 
foreign body must also prevail. When this does haj^jicn, it is 
far more likely that parallel growths of the two substances like 
those just described will be formed. In certain cases, the parallel 
growth may actually take the shape of a crystal with an hour¬ 
glass arrangement of tiny impurity crystals spreading out coni¬ 
cally from a point or points in the interior of the host crystal 
toward certain selected faces on the surface, as probably is the 
case with Gaubert’s methylene blue in lead nitrate, but, in the 
majority of hourglass structures, the particles are probably of 
molecular dimensions and are adsorbed from a far-from-satu- 
rated solution onto successive hkl surfaces of the host crystal 
while, as the latter is constantly growing, the adsorbed ions are 
fenced in by it and preserved in position. Plate 54 shows an 
hourglass on {110} of K 2 SO 4 due to Acid Fuchsin (Colour 
Index No. 692). The process tends to be intermittent, as the 
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periodicity of the hourglass itself shows when viewed from a 
suitable direction, for it will usually be seen to consist of lighter 
and daiker lines representing planes parallel to the apj^ropriate 
face of the host. The periodicity is not strict, so far as can be 
seen by eye or with the microscope, some bands being wider 
than others and probably corresponding to fluctuations in the 



teinjx) of crystallization of tlie larger unit. Plate 55 shows 
KC1()4-{011} with Azofuchsin G (Colour Index No. 1531 in i)ar- 
allel layers. The shape of the inclusions, too, is largely gov¬ 
erned by the symmetry of the crystal, so that, while "hour¬ 
glasses” proper belong to the three lowest symmetry systems, 
orthorhombic, monoclinic, and triclinic, and to the basal planes 
of the other non-isometric systems, the cubic system presents us 
with the "Maltese” cross (Fig. 125), when the traces of the four 
faces of the cube are represented by four edges of a square. Ac¬ 
tually the Alaltese cross is an incomplete notion; the real "hour¬ 
glass” here has six limbs, with two of these pointing vertically 
up and down and out of view except to the extent of rendering 
the remaining four limbs less clear. This is readily seen when 
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the habit is cube-octahcdral with the crystal resting on a (111) 
or (110) face (Plate 56). The three upper liinlis in the for¬ 


mer, like a ship’s propeller, arc 
very clearly defined, and, 
though less conspicuous, tiie al¬ 
ternate three lower ones can 
usually be seen bisecting the 
angles between tlie upper three. 
Plate 56 shows the total liour- 
glass figures yiewed througli the 
three simplest directions, 1100], 
|110].and [111]. The spatial 
arrangement is readily yisual- 
ize<l from these. 

There are one or two geomet¬ 
rical conditions to be fulfilled 
for an hourglass type of inclu- 



Plate 55. Dopojsition of dyo parnl- 
lol to {011} of IvCIOt sliowinp: its 
intermittent nature. X8. 


sion to l)c produced. 


It is always essential that at least two dis- 


tinct ty])es of face, those deposited upon and those ayoided, should 


be present in the initial stages of growth, 


or, alternatiyely, the 



Fkj. 125. “Maltese cross” type 
of hourglass found in the cubic 


original form must gi\'e way, 
through habit modification, to 
a different form. This is read¬ 
ily seen in Fig. 125, where the 
original seed is octahedral but 
the cube faces are progressiyely 
deyeloped during further 
growth. The same result would 
haye been achieyed if the seed 
had been a cube-octahedron, 
only then the octahedron would 
have vanished more rapidly. If 
the original seed had been a 
cube and the cube faces had 


systems (note that the original been developed by the impurity 
-seca consists of faces ultimately deposited upon, the whole 

crystal, barring accidents, 
would be uniformly tinted, apart from periods of more and less 
intense deposition. In the lower systems of symmetry, true hour- 
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arc pos^^ible without marked habit changes. For in¬ 
stance. it a {010} tablet of an orthorhombic crystal has its Z-axis 
edge one-third as long as its A'-axis edge at the start, and if 
deposition occurred uniformly throughout growth on the {100} 
planes (the four {110} i)lanes would have a similar effect), the 



PlvATK 56. TIoiii ‘cImssos oil {100} 
cube axis (fop), alonir (1101 


of potash alum crystals viewed 
(center) and (1111 (l)()(loin). 


alonir 

XL 


a 


crystal at the end would have an hourglass (ni {100} or {110} 
though the relative rates of growth throughout had been pre¬ 
served. 

That the hourglasses are produced by trapping of material 
cauglit up on [Jarticular faces and grown over is shown by the 
same structures being frefjuently seen on crystals where no habit¬ 
modifying impurity has been aflded, but the outline can be seen 
by traces of air bubbles which are very small and may cause a 
milky appearance. In these cases, the trapping is done on cer- 
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tain faces and not on adjacent ones, so that the true “hourglass” 
outline is produced and is probably due to the face in question 
being grown over after its own surrounding edges have been 
elevated above its earlier level. A sudden filling up will then 
entrap various materials, whatever their nature, which arc tem¬ 
porarily adhering to these surfaces. U'here the hourglasses are 
found to possess pleochroic proj^erties, it is very jn-obable that the 



Plate 57. Hoiirjilas.scs based on {001} in NH 1 CIO 4 crystals; habit is 

{ 110 } + ( 001 } and lias suffered no modification. X4. 

color ions arc adsorbed to the surface before enclosure. As these 
will have similar modes of attachment, since the surface is 
studded with environments of an identical character, the rest of 
each ion will tend to swing into a position parallel with its fel¬ 
lows, so that, if the host crystal could be imagined dissolved 
away, a kind of diluted impurity crystal would result. In Plate 
57, we see crystals of NH4CIO4 whose habits are unmodified, 
being of the usual (001} -f (HO) type. Yet there are clearly 
marked hourglasses extending from (001) toward the center and 
thence to (001). Although a dye was present (Colour Index 
No. 209), it was indifferently soluble, had no effect on the habit, 
and gave no color to the hourglass (the solution itself being prac¬ 
tically colorless). It would seem then that hourglasses can be 
produced without habit change during the normal process of 
growth but that, if habit modification does take place, in general 
the hourglasses will show pleochroism and may be on different 
faces than in those grown in pure solution. Milligan (43) has 



420 


RELATIONSHIPS DURING CRYSTALLIZATION 


written an interesting paper on hourglasses produced in potash 
alum in the presence of Chlorazol Sky Blue FF (Colour Index 
No. 518). He definitely connects them with the adsorption and 
retardation of growth observed on certain faces. According to 
him, the outer surface of the hourglass is sunk beneath the gen¬ 
eral level of the surface it appears on. Growth on such an alum 
crystal can only take place on octahedron faces, and these tend 
to produce raised edges on the adjacent cube faces. The cube 
faces thus extend but are lagging behind the clear octahedron 
portions. He also noted colored {010} -|- {210} and, separately, 
{001} hourglasses on Rochelle salt without any accompanying 
habit modification. 

Since the pleochroic tints accompanying hourglasses constitute 
one of the most distinct features, the conditions attached to these 
variations of tint will now be briefly dealt with. 

Although it is known that the various types of binding be¬ 
tween ions and molecules in, say, an ideal crystal all contribute 
to the physical properties so that a completely isolated molecule 
would not possess all the physical properties of the whole in 
microcosm, it is convenient to dissect the whole crystal domain 
into units each occupied by a single molecule and possessing the 
very minute fraction of the total crystal properties in proportion 
to its size. This is to a large extent justified on account of the 
rapid falling off of the attractive forces between ions with dis¬ 
tance. When all the crystal molecules are aligned one way, there 
is a maximum correlation between vectorial properties of crystal 
and molecules, but in a cubic crystal the particles are so ar¬ 
ranged that their vectorial properties will frequently mutually 
cancel themselves out. Let the crystal molecule be represented 
by a triaxial ellipsoid with axes A, R, and C (Fig. 126) and pay 
attention only to those features of the molecule which cause 
light absorption. Then, if, as in the bottom sketch, all the par¬ 
ticles are orientated (by adsorption and inclusion) in an identi¬ 
cal manner, a view through the front face gives an effect charac¬ 
teristic of ellipsoid absorption axes A and B. Viewed in a di¬ 
rection at right angles to this and from the top, the effect is as 
for A and C and, in the mutually perpendicular direction, Uie 
axes B and C. Thus, in an orthorhombic crystal whose impurity 
particles have all been arranged in one simple manner, three 
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C 


Fig. 126. Various possible orientations of picochroic units in a crystal: 
(top) on a cubic (111) face, (center) on the {100} faces, (lower) on a 
lower symmetry figure. (From Buckley, Mem. Proc. Manchester Lit. Phil. 

Sac., 1938-9, 83, 52.) 
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possible absorption effects for each axis, A, B, and C, may be 
noted. This is the typical case for a so-called pleochroic crys¬ 
tal (dichroic is a special case of trichroic). 

Now, when we have to deal with a cubic crystal, provided 
that the colored unit is adsorbed in an identical fashion on each 
face of the form (cube in the middle sketch), if the crystal is 
viewed as a whole there should be in the above, ideal case an 
equal number of ellipsoid units of the three sorts in each direc¬ 
tion. Viewed through (100), for example, units which have de¬ 
posited via (100) will be characterized by A and B, but there 
will be an equal number characterized by A and C and B and C, 
respectively. This should lead to optical isotropy and no dis¬ 
tinction of color when the plane of polarization is rotated. The 
top sketch shows in a similar way how identity is obtained by 
mutual canceling out on the octahedron planes. This, of course, 
is the ideal case. In practice it will be found that on, say, the 
(100) face there will be far more of the ellipsoid units exhibit¬ 


ing the A and B properties (with the orientation shown) than 
the others, so that it is not uncommon to find pleochroic changes 
in colored impurities even when included in cubic crystals. For, 
although it is comparatively easy for the crystal units them¬ 
selves to fall into places which give the crystal isotropic pntp- 
erties, the far larger impurity particles are not so readily 
digested. With very rapid growth, even the crystaLs own units 
liavc difficulty in preserving complete isotropy. 

The above relations apply to the special case in which the 


ellipsoid axes of the impurity units are aligned parallel to the 
significant axes of the host crystal. This is not the case generally 
found in practical experience. The property of plcochroism de¬ 
pends upon the crystal molecule, or, as in the case we arc flis- 
cussing, upon the impurity molecule having a different light¬ 
absorbing power for different vibration directions of the light 
passing through it. Usually a band or bands of varying width 
are abstracted from the continuous spectrum, and these vary 
with the direction of vibration of the polarized light. In the 
extreme case a crystal may absorb all the light (of the visible 
spectrum) for one vibration direction and practically none for 
the direction at right angles. Then we get the useful property 
exhibited by tourmaline, herapathite, and the more recent de- 
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velopment of the latter compounfl, polaroid, the transmitted light 
being plane-polarized. A beam of plane-polarized light passed 
through such a crystal will show a darkening to blackness in one 
position with maximum transmission in the azimuth at right 
angles to this. But with ordinary pleochroic changes the colors 
vary in a manner usually described rather loosely in such terms 
as orange to slate, blood red to lilac, etc. In the writer’s own 
experience, the dye-impurity 
Chromotrope 2B (Colour Index 
No. 45), which manifests a strong 
dichroic change viewed through 
the (100) face of NH4CIO4, has a 
dichroic change of quite a different 
quality (see later) when incor¬ 
porated in K2SO4 crystals. It 
would appear from this as though 
the chroinophore groups in the dye 
molecule were influenced by their 
contact with the adjacent host 
ions. However, even if the possi¬ 
bility of such an influence is ig¬ 
nored, it is readily seen that the 
position of the impurity ion in re¬ 
lation to the i)rincipal vibration 

direction of the host crystal is of great importance in influencing 
the resultant tint. 

Let light of all possible wavelengths but vibrating in a single 
plane be passed through a colored molecule. Suppose the lat¬ 
ter to have a strong (maximum) color absorjffion for a direction 
corresponding with OA in Fig. 127. A direction OA', normal to 
this, will then have the greatest possible difference in tint. It 
seems reasonable to suppose that, when the light vibrates in an 
intermediate plane and passes through the color molecule, the 
latter will affect it in a manner intermediate in character be¬ 
tween the maximum and minimum characters of absorption sug¬ 
gested above. If it were possible to vary the vibration plane 
continuously, the character of the tint would be expected to 
change continuously and it would be easy to select the two 
extremes of tint. It is possible to obtain orientated color mole- 
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Fk;. 127. Rclation.sliip of 
color direct ions in an included 
molecule to the maximum/ 
minim\un vibration directions 
of the host crystal. 
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cules in a crystalline make-up only when either the color mole¬ 
cules themselves form the crystal or, as in the case under dis¬ 
cussion, when they are incorporated in a host crystal. In either 
case, the directions of the vibrating plane to the color molecules 
are strictly limited by the fact that fa) the latter are perma¬ 
nently fixed in the crystal by the act of adsorption and inclu¬ 
sion, and ib) there are only two vibration directions in the crys¬ 
tal section under observation and these, being determined by the 
crystal itself, are usually not related to the optimum color di¬ 
rection of the impurity molecule. Thus, in Fig. 127, 0\i and 
()\2 are the only possible directions of vibration of the incident 
light. If it is originally polarized vibrating parallel to OAi, this 
is the only permitted direction; and, if OA is the optimum color 
direction, something less than the maximum color absorption 
will be obtained fi.e., the tint will be somewhere between the 
maximum color-absorption tint and the tint obtained if the 
vibration were along OA'. Along also an oncoming beam 
can travel unchanged, and here again the relation of 0\n to OA 
and OA' would mean another admixture of maximum and mini¬ 
mum color tints. We thus sec that, if maximum and minimum 
color axes of the color molecule do not coincide with Ok\ and 
OA 2 , the deepest tint is not so deep as could be provided by the 
color molecule, nor is the other tint so violently opposed to it. 
As it is possible that the directions OA and OA' belonging to the 
color molecule may lie closer to OAi and OA 2 in one type of crys¬ 
tal than in another type, then, if there were no other considera¬ 
tions to be taken account of, we should expect that, after an 
inspection of several different crystal types, the maximum and 
minimum effects observed would most closely correspond to the 
true color absorptions of the molecule. If, in any crystal sec¬ 
tion, color molecules of potentially high values of dichroism 
should be imprisoned with their OA axes at 45° to the Ox axes 
of the section, there would be only one tint possible in such cir¬ 
cumstances. and the dichroism would be permanently masked 
we should have always the tint corresponding to a 50-50 mix¬ 
ture of the maximum and minimum tints. This is a possible 
explanation for those cases where an hourglass shows no pleo- 
chroic changes when symmetry conditions would permit it (e.g., 
in non-cubic crystals). Further complications are possible when, 
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as may frequently occur in most of the systems of symmetry, 
the impurity ions can attach themselves to the surface in two 
or more alternative orientations. For example, in an ortho¬ 
rhombic crystal, for every attachment corresponding to OA, 
there might be a symmetrical one corresponding with Oa (Fig. 
127). In a monoclinic crystal, of two such attachments, the 
one might bear a relation similar to OA and the other might 
almost correspond to OAi. Such and other variations are clearly 
possible and would undoubtedly complicate the color scheme. 

Even such a complication can scarcely explain how it is that 
the color changes of a particular dye incorporated in one crystal 
can appear to have no qualitative relationship to the changes 
exhibited bv the same dve in a different kind of crvstal. A 
glance at Table 27 will show a marked example of this kind. 
The dichroism of the {100} section of NH 4 CIO 4 containing Chro¬ 
motrope 2B (Colour Index No. 45) is strong and deep red to 
buff. On {010} of K 2 SO 4 the same dye exhibits the change deep 
magenta to pale pink. Evidently this is a case where spectro¬ 
scopic examination would yield definite information. To the 
writer’s knowledge, nothing of this type of research has been 
attempted as yet. 

It has been suggested that the direction of maximum absorp¬ 
tion will follow that of the maximum refractive index in a 
crystal (e.g., y in biaxial types)—the so-called Babinet law. In 
the writer’s experience, there is no justification whatever for 
such a conclusion, the maximum absorption having, in different 
cases, been associated with a, ^3, or y and not following in any 
way the sign of refractive index (Table 27). Regarding the 
condition surrounding the included particles, it must be assumed, 
a priori, that they are locations of instability, and this may pos¬ 
sibly be able to show itself in such properties as increased speed 
of dissolution when in contact with undersaturated solution. 
But they are only solid solutions (though orientated, as indi¬ 
cated by pleochroism) in a limited sense, since no amount of 
annealing will cause them either to spread about in the structure 
until they are all evenly distributed (though they must be ap¬ 
proximately even to cooperate in the pleochroic effect) or to 
“iinmix.” The writer has sections of phthalic acid, deeply tinted 
by Bismarck Brown (Colour Index No. 331) and Magenta 



Pleochroism of Dyes in Different Crystals 


426 


RELATIONSHIPS DURING CRYSTALLIZATION 


c i r 

sb 

cc CO c 


V3 

o 


0) 

^ ^ ^ s3 
^ 5 

<X) w ^ 
<y a; o 83 
QQtfOH 


-Q CO 

I 

CO ^ “ 

O OJ 0} 
C^ClhCl, 


-S 

0« 5 

3 fc- M 

Q.jp §, 

^ 4) 

fi S' 
cj fr a) 
CL,^> 


^ c 

£i 

^ oo 

Q, ' O) 
fcT o-r 
3 C 

a'S « 

G. ^ 

a> 

/E 

O&hPh 


O 

bC O 
cU O 
O C 

a a 

<V (V 
4> 

QQ 


^ c: 

ST ^ 

■3 53 

E S 

a a 

0) H) 

<D <v 

QQ 



PLEOCHROISM IN INCLUSIONS 


427 


(Colour Index No. 677) which have kept their color and char¬ 
acter of pleochroism for over 15 years without change. Some 
of the colors are rather unstable in solution or fixed on clotli 
but appear to be unaffected, or far less affected by bright light 
over fairly long periods when incorporated in these hourglass 
types of inclusion. It has been the writer’s intention, when the 
opportunity presents itself, to study this effect, as practically 
nothing seems to have been done about it up to the present. 
The presence of free H‘ or OH' ions in any quantity in solution 
may also result in a change of tint in the dye particle itself be¬ 
fore it is laid down in the crystal structure, so that some changes 
might be expected in such a case.* 

It is thus seen that, whenever color is laid down regularly in 
crystals parallel to certain faces, it is common to find pleochroic 
effects in polarized light, and this we take as evidence of a uni¬ 
form laying down of the impurity molecules parallel to each 
other in positions in the host crystal structure. This is also 
probably the case wliere, in a cubic crystal, no pleochroism (ex¬ 
cept the anomalous and usually weak variety described earlier) 
can be adduced as evidence for systematic arrangement of the 
particles. A typical example is fluorite, where the material is 
usually laid down in parallel layers of varying width on the 
cube faces. 

There are many examples, too, from the mineral kingdom of 
both pleochroic coloring and hourglass arrangements (44). 
Epidote is strongly pleochroic, the clianges being yellow (a), 
brown (fi), and green (y). Many micas (e.g., the biotites and 
chlorites) are strongly pleochroic. Amethyst (Plate 58) and 
smoky quartz are good examples too. The impurity in the latter 
has been attributed to organic matter, though recently the color 
centers have been associated with lattice defects around foreign 
(e.g., radioactive) particles included during growth (45). 

♦Although a large concentration of H' or OH' ions tends to lessen both 
the habit-modifying influence of a dye molecule and the adhering proper¬ 
ties, scores of different color molecules have been successfully included in 
hourglasses in such substances as borax and the alums. Dilute to moder¬ 
ate concentrations of OH' will affect molecules containing —OH substi¬ 
tuent groups and will not influence those containing such substituents as 
--NH 2 . Metanil Yellow is unaffected in this way by alkalis but would 
be by acids. 
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Earlier Kalkowsky (46) referred the opalescence, found in 
many varieties of quartz and showing asterism, to the presence 
of ultramicroscopic “asterites” rather than to acicular inclusions. 
These asterites can be up to 1 millimeter in length and are 
arranged in sets parallel to certain axes or edges of the crystal. 
He regards them as “intermolecular spaces^’ or internal edges. 
The latter description would indicate that the structures were 
due to the finishing off of growth of a dendritic character, with 

fairly symmetrical branchings and a final 
filling in which left tiny spaces or grooves 
between adjacent limbs. 

X-rays, y-rays, and a particles can also 
introduce color into otherwise colorless 
crystals such as rock salt. A possibly 
analogous case of the coloration of NaCI, 
grown by the Kyropoulos method (Chapter 
2) is mentioned by Ekstein (47). Over- 
Iieating tends to drive off Cl atoms, and the 
residue of sodium atoms is taken into solid 
solution, coloring it a rose tint which is 
deeper in the layers near the outer surface. 
There is no pleochroism in this case. 

In the case of fluorite, organic matter seems to be the cause 
of the layers of color. Among traces of other minor constituents, 
it was found possible by Blount and Sequeira (48) to extract 
0.11% of oily matter from powdered “Blue John’^ by chloroform 
and another 0.04% by toluene, making 0.15% in all. Garnett 
(49) also found a carbon content, and a bituminous smell was 
given off on heating. 

Corroboration from a different angle is afforded by some work 
of de Boer (50). Using vacuum-sublimed alkali-earth halide, 
principally the fluorides, he finds that at 100°C the organic com¬ 
pound alizarin is strongly adsorbed on the crystal surfaces of 
SrF 2 and BaF 2 even more than on CaF 2 , a clear red-brown color 
being imparted. When the temperature is raised, the adsorbed 
condition is replaced by a state in which the alizarin molecules 
are practically chemically bound to the fluorines with which he 
assumes the outer surfaces to be covered. The analogy with 
fluorite growing under hydrothermal conditions with decompos¬ 
ing organic matter present is not difficult to see. 



Platk 58. Amethyst; 
purple incliision.s on 
the two rhomhohedra 
(avoiding the pri.«m). 
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Several examples have already been described by the writer 
(51), and two examples are shown in Plates 44 and 45 of Chap¬ 
ter 10. Plate 58 shows the striations of color parallel to the 
upper and lower rhombohedral faces (here placed edgewise) and 
the long narrow band free from color and extending inwards 


Plate 59. 



K 0 SO 4 crystals; { 100 } + { 021 } liabit due to influence 
bellow 5G (Colour Index No. 122 ). X4- 


of Alizarin 


from a narrow i)rism face on a crystal of amethyst quartz 

Plate 55 shows hands of color (Azofuchsin G, Colour Index Xo 

153) in KCIO^ crystals parallel to the {011} faces. Perhaps the 

finest artificial example of pleochroic inclusion is afforded by 

ammonium perchlorate grown in the presence of Chromotrope 2B 

(see Table 27). The crystals are large thin tablets on (100} 

And a not uninteresting example of an hourglass structure is the 

invisible one which runs through most gypsum crystals from top 

to bottom and is brought into view only when a crystal is 

immersed in ultraviolet light. A pale-blue, perfect hourglass is 
then seen. 
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Another inclusion of special interest is that of the simple dye 
Alizarin Yellow 5G (Colour Index No. 122) in K 2 SO 4 crystals. 
With a proportion of 10 grains of salt and 0.01 dye in the solu¬ 
tion. the crystals are hounded by ( 021 } and {100} (Plate 59 ), 
the latter assuming greater importance with increased concen- 


Platk 



60. A thin flako on (100} of KjSOi; clojuaso due to inifiurity 

((’olour Index Xo. 122). X^- 


tration so that ultiinatolv it mav t)ec()inc thin-tabular (52). 
\\ ith the crystals of about tlie habit shown in Plate 59, an excel¬ 
lent cleavage on the (100) face, non-existent on natural crystals 
ot Ki.S() 4 , is fle\'elopcci, one flake being shown in Plate 60. 
Furthermore the crystals can be grown with a well-marked hour¬ 
glass, ending in the (100) face. A\'hen cleaving is tried, the first 
section cleaves well, as the hourglass extends over the whole 
(100) face. Subsequent cleaving attempts show a degree of 
success limited by the size of the hourglass; within its domain, 
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there is an excellent cleavage; outside it (up to the boundary 
{021} surfaces), only a conchoidal fracture results (Fig. 128). 
Clearly the conditions of growth on the ( 100 ) face as dye mole- 

^ ccl ^ mcli.idefl on it has been instru¬ 

mental in so modifying the cohesion on these planes as to pro¬ 
duce the cleavage. Perhaps a similar reason will explain why 
the holoaxial cuprites described by jNIicrs ( 53 ) possess an excel¬ 
lent ( 100 ) cleavage not pos¬ 
sessed by the normal crystals. 

Another interesting case is 
described in Miers’ Mmeralogy 
I Macmillan, 2nd ed., 1929, p. 

36.51. Instead of the nearlv 
IHM’lect cubic cleavage of ga¬ 
lena, certain rare galenas, usu¬ 
ally containing from 1 % to 2 % 

BijS:i, have a perfect octahedral 



cleavage which, however, van- 
ishes without decrepitation or 
other sign of change on heat¬ 
ing, and there is no accompany¬ 
ing change in density. Can thi 
purity, as with K 2 SO 4 ? 


Fig. 128 . Limitation of induced 
{ 100 } eleavaf^e in K :.804 crystals to 
tlie portion contained in the liour- 
j?lass based on the (100) face. 

s be some trace of organic im- 


There is yet another mode of inclusion in crystals which is 
responsible for the important property of luminescence (i.e., 
fluorescence or phosphorescence) in many solids. In the simpler 
cases (e.g., zinc blende with an excess of Zn atoms or with Cu 
or Mn atoms), the rearrangements which take place are prob¬ 
ably related to the recrystallization process; defects, Schottsky 
or Frenkel, appear to be concerned in the process, and they pro- 
^ ide locations where the trapping of photons provides a tempo¬ 
rary increase in the energy of localities. When there is of the 
order of thousandths or millionths of a second between oncoming 
radiation and release of new radiation (of lower frequency than 
the stimulating waves), it is regarded as ‘‘fluorescence”; when 
the period is longer, we speak of “phosphorescence.” 

xMuch has been written on the subject by far better authorities 
tl.an the writer, who only raises the topic here to add a few 
notions gleaned from his own meager experience. Most of the 
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earlier findings of other workers have been corroborated (e.g., 
the falling off of intensity when the concentration of impurity is 
increased beyond an optimum value). Fluorescing bodies were 
produced by using fluorescing dyes and incorporating them in 
some form of solid solution in various crystals. Actually, good 
results have been reported by incorporation of dyes in drying 
gelatin and silica gel, so that it is worth considering whether it 
is a real solid solution or not. It is certainly not the incorpo¬ 
ration of fluorescing liquid solution in pores in the crystal, as 
such a process would give the characteristics of the solution 
unchanged. But this is not what happens. 

Thus when uranin or fluorescein is incorporated in either 
phthalic acid or salicylic acid crystals, the color is bright yel¬ 
low, quite distinct from the yellow-green of the solution (S. N. 
Buckley, unpublished data). The fluorescence is of the same 
order as the solution, especially when there is added a trace of 
gum or glue to the solution, a process which probably improves 
the possibilities for fluorescence by deteriorating the structural 
continuity. Rhodamine B, similarly, gave, in phthalic acid crys¬ 
tals, as fine a red as any commercial reds seen so far by the 
writer. It is possible that quite a number of useful fluorescing 
powders could be prepared in this manner by anyone requiring 
a special effect with materials at hand. This, however, is out¬ 
side the scope of the present work. Of some interest, however, 
is an observation by the writer (unpublished) on the behavior 
of phthalic acid with the “Cleve's acid,” which is probably a 
mixture of a-naphthylamine-6-sulphonate and 7-sulphonate (the 
other Cleve’s acid is Oxy-L acid and is a-naphthol-5-sulphonate). 
Phthalic acid grows with modified habit as thinnish tablets with 
an oblique extinction of about 21° to the long edge (i.e., it is 
probably a {010} tablet). Pleochroisin was noted in the crystals 
and varied from bright yellow-brown to colorless. This we have 
already taken as evidence of orientation of the impurity ions or 
molecules in the structure. But, it is important to note, the por¬ 
tions which fluoresced best were located around edges and corners 
and near the surface and seemed independent of the inclusions 
which produced the color and pleochroism. This is verified by 
a similar observation on glycine grown with the other Cleve s 
acid (Oxy-L, above). Here a pronounced hourglass inclusion 
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gave no fluorescence but this came from clear colorless patches 
in the crystals. It is evident that the fluorescent inclusions do 
not contribute to the pleochroic scheme and may be a multitude 
of unorientated regions where the distortion is, notwithstanding, 
of the correct quality for light trapping. 

Having discussed most of the ways in which a substance is 
systematically associated with or included by a growing crystal, 
let us now look at inclusion where no particular relationships 
can be expected. Perhaps the most important of these is the 
inclusion—in pockets or cavities, grooves and pores—of the 
liquid medium in which the crystal itself grew. 

Owing to the manner in which very many, perhaps most, 
crystals grow (i.e., dendritically along certain preferred direc¬ 
tions), usually the crystallographic axes or such important direc¬ 
tions as [110], followed by further growth along secondary axes 
at angles to the first and finally by a general filling in to make 
the solid crystal, it is inevitable that larger or smaller masses 
of mother liquor will become entrapped and finally imprisoned 
by the process of growth. Plate 61a shows this process taking 
place with potash alum. The large pale facet is the top, say 
(111), plane, and through it can be seen the ridges of the hopper 
face on which the crystal rested during growth. The dark face 
immediately to the right is the (101) face and is followed on its 
right by the smaller (111) face (focusing was improved by using 
a small stop). Inside the crystal, seen through the horizontal 
(101) face, will be found three distinct systems of inclusions all 
parallel to each other and marking earlier positions of the (111) 
face on the right. The inclusions themselves are truncated or 
interrupted tubes containing the saturated alum solution and 
show on a visible scale what may be happening in other environ¬ 
ments on a bigger or a far less scale. Here they also show the 
sequence of events in the make-up of the (111) face. The earlier 
dendnte-limb directions were parallel to the three edges of the 
octahedron face (e.g., to [lOlJ etc.). The next to follow are 
limbs of a higher order and these are seen—they are in the 
direction of the tubes, which are themselves separated by adjac¬ 
ent growing limbs. These, it will be seen, are normal to the 
octahedron edge and in the (111) plane. Plate 616 shows one 
of these systems of inclusions—the bottom one, viewed through 
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the (111) plane (i.c., from underneath). As it is known from 
a study of metal grains how close together dendrite limbs can 
be, it is obvious how finely dispersed some of these inclusions 
may be. This is suj^ported by the view of Richards (54) that 
it is inii)ossil)le to free a crystal containing water of crystalliza- 



Platk ()U/. Lifjuid includcMl in potash alum during growth, showing three 
suc(*(‘ssiv'e stages of the (111) plane; viewed in reflected light through the 

adjacent (101) plane. X8. 


tion Irom included mother liquor, which is always present, as 
the heat needed to do this would drive off some of the structural 
water, and, where the heat is allowable, considerable tempera¬ 
tures are recpiired to do it. Metals which are formed by elec¬ 
trolysis retain incliuled solution when heated to temperatures 
not far from the melting point. His view is that the inclusions 
can be so small as to be bordering on the dimensions of a solid 
solution. 

An example where the inclusions are intermediate in character 
between those of solid-solution or near-solid-solution dimensions 
and the grosser ones visible to the eye is provided by acid potas- 
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sium oxalate. When grown from a pure solution, or in the ju'cs- 
ence of a number of impurities which do not seriously modify 
the habit, the latter is thick tabular on the clino-junacoid [010}, 
and bounded by {100} striated vertically and (001} striated 



Plate 015. Same as Plate 61a, but viewed through (111) in transmitted li^bt, 

and only bottom lay(*r of inclusions seen. 


parallel to the inclined A" axis. There is an optical extinction 
when viewed through the (010) face which only extends over 
the tablet where there is an hourglass formation. The latter is, 
however, often invisible until viewed in polarized light. Although 
there are a variety of directions in which pockets of mother 
liquor are included, there is only one of these, and that the most 
common, which has any significance here (viz., the inclusions 
which run in a tubular manner parallel to the Z axis I. Plates 62a 
and 626 were taken in plane-polarized light with the plane of 








(rt) 



pLATK 62. in) Cirown {010} tablet of aeifl j)ota.«.'jinrii oxalate, taken with 
the vibration direetion of f)olanze4l li«jfit rmrn/f/l to the Z axis. Xb^- 
The same tablet as in Plate 62*^/ f)lu)to‘rraphefl with the vibration direetion 
now pnrnJUl to the Z axis, showing the ‘‘analyzing*’ effect of the hour¬ 
glass. Xl5. 
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vibration normal to and parallel to the Z-axis direction, respec¬ 
tively. Figure 129 shows the “sense” of the extinction, the large 
rhombus representing the position of a nicol prism. In the 
writer^s opinion (55) the effect is entirely due to total internal 
reflection of a portion of the incident beam at tlie surface of 
the many pores aligned parallel to Z and requiring a half¬ 
inch objective to see even the bigger ones. Imagine a beam 





Fig. 129. ColorIes.s hourglass in 
{010} tahlot of acid potassium oxa¬ 
late, acting as “analyzer" of light. 



/3 [1.545] 


U Cones of 
J transmission 


Fig. 130. Total-reflection cones 
for a and /3 vibrations of acid po¬ 
tassium oxalate against the satu¬ 
rated solution. 


of light to enter the crystal normally to {010} and the crystal 
to have the refractive index 1.415 as compared with 1.34 for 
the saturated solution contained in the pores (Fig. 130). It 
is readily found that it will under these conditions have a total 
internal reflection angle of 71° 17' to the normal (i.e., a glanc¬ 
ing angle to a surface of the pore of 18° 43'). A medium of 
refractive index 1.545 would, however, have a glancing angle of 
90 60 11 = 29° 49'. These are the two refractive indices 

involved in a plate of acid potassium oxalate and correspond 
to the a (first mean line) and p (third mean line) axes of the 
indicatrix. If, therefore, a pore containing fluid were placed 
normal to a beam of light in a crystal of refractive index 1.545 
and rotated, the beam would be transmitted from the position 
of normal incidence until it reached the position 60° 11' from 
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this, when it would be reflected back again from the surface 
into the denser medium. This corresponds to the behavior of 
P, for which vibration the crystal is optically denser. But at 
60° 11' right up to 71° 17' (i.e., for another 11°) the a ray would 
still be transmitted. Hence, if such a set of surfaces were pro¬ 
vided in the crystal, a plane-polarized beam with “a” character¬ 
istics would ultimately emerge from the crystal. If some sur¬ 
face, therefore, at a glancing angle of between 18° 43' and 
29° 49' were available, the observations could be explained. In 



Fig. 131, sucli a groove (which has to be imagined extended to 
a great length in the third dimension normal to the paper and 
parallel to the Z axis) is shown; the internal faces for a (120) 
plane would be 25° 56'. The so-called (110) plane has the very 
low value of 13° 40' for (IIO)-(IOO) and has no great signifi- 

t s, so it is quite possible that the internal 
planes of the grooves really do represent planes which are more 
likely to be the real (110) planes rather than do those with the 
angle of 13° 40' to (100). The phenomenon afforded by acid 
potassium oxalate is uncommon, possibly because the occurrence 
of regular grooves has to be accompanied by a fairly large bire¬ 
fringence and the orientation of the sides of the grooves must 
bear a relationship as described here in order to separate the 
two vibrations. 

Another interesting example of inclusion of microscopic or 
submicroscopic dimensions is afforded by some crystals of cane 
sugar grown from a solution rendered stiff with gelatin. They 
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were grown by Mr. W. Kay of the Physics Department, Man¬ 
chester LTniversity, then steward to Professor W. L. Bragg, and 
were given to tlie writer on Mr. Kay^s retirement. They were uni¬ 
formly developed and about % to % inch in size, and all had 
milky inclusions which appeared reddish brown in transmitted 
light. There was no pleochroism, and it is not impro!>abIe that 
the inclusions were submicroscopic pockets containing gelatin 
solution and were, therefore, amorphous. The most interesting 



Platk 63. 


Polarity of the Y axis of cane .'5\iffar .sliown ))y 

eluded durinjr jrrowth. X<^- 


impurities iri- 


feature, however, consists of the fact that tlie inclusions, which 
run from the original seed crystal to every developed face (Plate 
63 I point tf) a spot one-third the distance from the (010) corner 
as the location of this. Hence, after the original seed was 
formed, (1101 anrl (110) grew at twice the linear outward 
velocity as did (iTO) and (TTO). This points very clearly to 
the polarity of the Y axis of cane sugar (class digonal-poiar or 
2). Unilateral growth also occurs with the very important ethyl- 
enediamine tartrate (EDT) crystals. In these (56) all growth 
is ncgligilde in prac^e except that occurring on the wedge made 
by the (110) and (110) faces. Natural crystals, too, may con¬ 
tain included solution which is even more variable in its content 
than the usually purer aqueous solutions from which our crystals 
are commonly grown. Plate 64 shows a magnified view of inclu¬ 
sions in harj'tes, BaSO^. The inclusion here is aqueous and, 
unless other salts are present as well, the BaS 04 content is .so 
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tiny that it would be almost pure water. In most of these will 
be found hollow spheres containing vapor. The elongated char¬ 
acter of many of tlie inclusions parallel to an axis of the crystal 
seems to indicate their dendritic origin, but what is more inter¬ 
esting is that, in quite a number of them, facets can be seen 
developed. Tliis is contraiy to some types of cavity frequently 
lound in crystals and distinctly more irregular in outline. One 



Platk 64. Inclusions in a harytos crystal. X16. 

of tliesc is sliown in Plate 65. in fluorite, the liquid hero consist- 
ing of COj and the bubble of gas being very conspicuous. Now 
it has been shown that, when rigorous thermostatic control is 
observed at constant concentration (57), a mf)re important plane 
appearing on a crystal floes not increase at the expense of less 
important ones (by process of dissolution and recrystallization). 
In such circumstances, a rounded crystal would also remain 
indefinitely unchanged. But, if the conditions were allowed to 
fluctuate considerably, it is possible that the material dissolved 
off into solution during a warming up would tend to deposit on 
a more favored plane on cooling and in process of time a rounrl 
crystal might become faceted. By a similar process, one could 
conceive of a round or tubular hollow becoming ultimately 
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faceted. The poor solubility of BaS 04 would require an ex¬ 
tremely long time before such a process could operate, but then 
thousands of years may be the units of reference of these natural 
crystals. The so-called “Tyndall” ice flowers first formed on 
heat rays penetrating a crystal of ice are inclusions of melted 
ice and at first appear as six-rayed, rounded, hollow dendrites. 



I LATK 65. Inclu.sion of liquid CO 2 in fluorite. ^6 


On cooling, they often rcfrecze to a hexagonal outline (.58). The 
cavity in fluorite has withstood any such redeployment process 
better than BaS 04 , though its left-hand corner docs appear to 
consist of two faces. A crystal of potash alum is shown in 
Plate 66 and is an example of how far this curvature in the 
inclusions may be carried. The crystal is a typical well-faceted 
alum with {111} predominant and {100} and {110} well repre 
-sented. Underneath the (101) and (Oil) faces [assuming that 
the crystal lies with (111) uiipcrmost] arc systems of tubular 
inclusions, the latter roughly parallel to each other and to the 
octahedron edge direction [101]. The inclusions are conspicu¬ 
ous through the mother liquor being dyed, and the gross depar¬ 
tures from strictly crystallographic directions are readily noted. 
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It is interesting to record that similar rounded inclusions in 
crystals of potash alum grown by the writer in 1925 do not show 
the slightest trace of faceting. 

Although bubbles in cavities are usually empty, with the ex¬ 
ception of the vapor at its own vapor pressure corresponding to 
the temperature, and usually fairly small, another type of 



Plate Potash alurn; irrc'j^iilar tiiliular iiirlusions approximately paralh*! 

to [101) and [iTOj. XG. 

bubble is founrl on crystals wliicb have been artificially prepared 
—a bubble of air at atinospberic pressure enclosed anrl built 
around during growth. Plate 67 shows a till ) face on a crystal 
of potash alum. The includerl bubbles show all variations from 
those where a spherical bubble, presumably air, is perfectly sur¬ 
rounded by crystal matter, with no other shape than the sphere 
apparent, to those which travel about in much larger grooves 
or cavities when the crystal is tilted. This point is raised in 
order to show that the relationship of a bubble to a cavity in 
crystals artificially prepared at low temperatures is, with respect 
to proportionate size and composition, not so close as that found 
in the examples from nature (such as BaS 04 and CaF 2 inclu- 
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sions). In these, in peginatitic quartz and other minerals, the 
inclusion is of the mother liquor, and the vapor bubble only 
separates on cooling. In such cases, the size of the bubi)le bears 
a definite relationship to the entire cavity and to the tempera¬ 
ture and pressure prevailing when the inclusion by continued 
crystallization took place. This has recently been brought out 
in a paper by Ingerson (59) who has demonstrated how the 



Plate 67. Inchision.s of gaseous hubbies in potash alum. X6. 

growth conditions can be approximately described by observa¬ 
tions on the temperatures at which the bubbles are driven to 
vanisliing point by expansion of the liquid cavity content on 
heating. He derives his metliod by a study of the expansion 
and compressibility of water and of 10% aqueous solutions of 

NaCl or KCl such as are usually found in pegmatite quartz 
inclusions. 

The assumption—perfectly legitimate—is that at the tempera¬ 
ture of crystallization the liquid just filled the cavity. On cool¬ 
ing, excess crystal substance in solution will deposit on the sides 
of the cavity, but in tliese examples at least (minerals) tlic 
diminution of the volume of tlie cavity on this account may be 
neglected; it obviously would play a far more important part in 
cavities occurring in highly soluble substances like sodium chlo¬ 
rate or nitrate, but water at 200°C only dissolves about 0.1% 
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silica, a negligible quantity, involving a change of about 1 part 
in 300 in the volume. A curve is shown equating the tempera¬ 
ture of disappearance of a bubble with the initial ratio of 
volume of bubble to volume of cavity. As an example, where 
this is 0.2, the liquid in the cavity would expand and just squeeze 
out the bubble at 250®C in the event of its being plain water, 
and at 274®C if it consisted of a 10% solution of alkali halide. 
Other curves are given including one in which the ordinates are 
centigrade degrees and the abscissae consist of the ratio of total 
volume of cavity to volume of liquid when both are measured 
at room temperature. As an example from the curve, a cavity 
two-thirds full of liquid is heated. The bubble contracts until 
at 320°C it has completely disappeared, the pressure being 120 
atmospheres. At higher temperatures, the bubble having disap¬ 
peared, the pressure increases far more rapidly, so that at 350®C 
it is 500 atmospheres and at 400°C it is 2500 atmospheres. Sup¬ 
pose that, in a given crystal, the bubble disappears at 100°C 
and that it can be reliably estimated that the crystallization took 
place under pressure of 2500 atmospheres. By following the 
curve for 2500 atmospheres downwards until it cuts the vertical 
line over the unit value on the abscissae (the ratio liquid to 
cavity being then unity) a temperature of 200®C for the original 
temperature of crystallization is obtained. By this means it 
would appear that the method is a useful check on geological 
data. Estimates for various pegmatite quartzes give the sur¬ 
prisingly low values of 101® to 182®C. It has been pointed out 
already that air (or gas) can be included in crystals grown under 
normal laboratory conditions. It is well known that water, 
and presumably solutions, will dissolve a certain amount of 
oxygen and nitrogen from the air, and, if these should be ejected 
from solution and rest on a crystal surface, as they may fre¬ 
quently be seen doing on the sides of a glass vessel, they may 
become incorporated if the conditions are right. Departure of 
the fluid from around a crystal, an experience possible with 
minerals and easily effected on artificial crystals merely by 
lifting them from their solution, causes air or gas to take the 
place of the liquid, and conditions of adsorption will prevail. 
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On the solution returning, since a solution will always wet its 
own crystals if these are clean, the expression 

<^(ga3-solid) [^(liquid-solid) “f~ <^(gas-liquid)l 

must be negative so that a decrease in free energy results from 
the wetting. For whatever reason, sufficient gas is left on the 
surface after wetting to leave a slight trace when growth has 
gone on for an additional period. This accounts for the succes¬ 
sion of “ghost’^ crystals found on crystals of alum and other 
substances when grown large by repeated seedings. Gas inclu¬ 
sions are also one of the means of distinguishing between arti¬ 
ficial and natural rubies. 

A similar expression relating the various possible interficial 
tensions holds good, too, for other substances. If the three sur¬ 
face tensions are 

^(solidi-solid 2 )) ^(solidi-solution)» and O’Csolidj-.solution) 

then, if the sum of the two latter quantities is greater than the 
first, the amount of free energy decreases when the surface 
between the two solids is increased so that, in these circum¬ 
stances, the one solid will be swallowed by the other; in the 
reverse case it will be rejected. There are a great many sub¬ 
stances which are capable of incorporation in a growing crystal, 
culminating in the “sandstones” or “calcites” of Fontainebleau 
where growing calcite has incorporated silica grains up to two- 
thirds the weight of the whole crystal. According to Stober (60), 
large single crystals of sodium nitrate can be grown by this 
method (Chapter 2), incorporating a similar proportion of sand 
grains, the speed of linear crystallization being very much accel¬ 
erated at the same time. Analogous increases in crystallization 
velocity have been noted by Freundlich and Oppenheimer (61) 
with aqueous sols. They found that plate- or rod-like sol par¬ 
ticles caused an increase in the velocity of freezing, though 
spherical particles had the reverse effect, the velocity in their 
case being less than for pure water. They consider that the 
elongated or plate-like sol particles have water molecules ad¬ 
sorbed on them and that these are orientated so that they already 
possess in part the regularity of the ice crystals. Freezing takes 
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place more rapidly along such surfaces. An experiment of Leh¬ 
mann (62) with fused tartaric acid points to another possible 
explanation, A wall of solid tartaric acid (Fig. 132a) is advanc¬ 
ing and has just contacted an air bubble. At the first instant, 
there is liquid, viscous tartaric acid between the bubble and the 
solid surface. All in a short moment, the appearance becomes 

like Fig. 1326, the solidification 
having proceeded rapidly around 
the surface of the air bubble. Soll- 
ner <631, who draws attention to 
these facts, considers it proved that 
the crystallization velocity is in¬ 
creased at a surface of the melt 
where the molecules are most prob¬ 
ably orientated. The sand grains in 
Fontainebleau “sandstone** and in 
Stdber’s single crystals of NaNOs 
may be covered with orientated ions 
or molecules of calcite or NaNOs 
and thus materially assist in the 
crystallization process. 

In metals, an added metal may 
be insoluble in the solid state and 
come out as a separate phase, some¬ 
times obviously crystalline, at other 
times as globules or films, mostly 
concentrated in the grain boundaries, but sometimes much of it 
scattered throughout the bulk of the grains. The effects of the 
distribution of impurity particles on the properties of the metal 
are well known to metallurgists. 

An interesting paper which throws some light on the composi¬ 
tions of non-metallic inclusions in metals is given by Portevin 
and Castro (64) where various methods, microchemical and crys¬ 
tallographic, are used to determine their nature. Sizes of inclu¬ 
sions were from 0.1 to 100 microns, and the following are de¬ 
scribed and photographed in varying stages: spherical inclusions 
of vitreous silica in steel; green translucent rounded dendrites of 
manganous oxide in a manganese steel; and sharply outlined 
crystals of chromite, Fe 0 *Cr 203 in a chrome steel. The latter 


Molten 


Molten 


Tartaric 

acid 



Solidified 
tartaric acid 
(a) 


Tartaric 

acid 



Solidified 
tartaric acid 

Fig. 132. (a) Contact of solidi¬ 

fying melt of tartaric arid with 
air bubble (Lehmann). (b) 
Surrounding of air bubble by 
.solidifying tartaric acid. 
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inclusions had secondary inclusions within them: an indigo blue 
chromium silicate in a steel of high Cr content (these are spheri¬ 
cal and contain dendrites of cristobalite as devitrification by¬ 
products); globules of ilmenite in a Ti steel, with many others. 

Examples of the inclusion of certain minerals by others are 
too well known and numerous to need further mention liere. 
They can be imitated on a small scale in the laboratory with 
inorganic or organic salts (65), 

To conclude this chapter it is perhaps fitting to review just 
one or two of the theories concerning the adsorption of particles 
of molecular dimensions on a crystal face. If we had to deal 
only with the type of adsorption at the surface of a crystal no 
longer growing, such as is commonly investigated by the physical 
chemists, the theme would scarcely concern us here because we 
are principally concerned with aspects of growth and dissolution. 
However, the expressions developed primarily for the case of 
gaseous adsorption on such substances as charcoal, and for solu¬ 
tions of acetic acid, also on charcoal, have been apjolied to the 
case of dyes in aqueous solutions adsorbing on crystalline pre¬ 
cipitate of BaSO^, PI)S 04 , CaC():j, etc., and lastly to tlie adsorp¬ 
tion of dyes on crystals actually in process of growth. In the 
latter case, the adsorbed dye will to some extent at least be 
covered and included by subsequent crystal growth, and so the 
subject is not out of place here. 

The earlier efforts at explanation depended on Freundlich's 
“adsorption isotherm" (66), x/m = which for a solution 

becomes x/m = Arc*/”; where c is the concentration at equilibrium, 

X the amount adsorbed by the quantity of crystalline solid vu 
In its logarithmic form, log {x/m) = \ogk (1/n) log c, we see 
that, when the logarithms of the amounts adsorbed and the con¬ 
centration are plotted as ordinates and abscissae, respectively, we 
should get a straight line sloping upwards toward the right, or a 
series of such lines for each temperature. Actually they are not 
straight lines but are all slightly humped. The curve for the 

n in Fig. 133 and shows that, 
in very dilute concentrations, a far greater proportion is adsorbed 

than subsequently—a fact of interest in the purification of sub¬ 
stances from soluble impurities (see, however, France, later). Al¬ 
though Freundlich’s isotherm appears to fit in better with solutions 
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than with gases, it has its own serious drawbacks, a principal one 
being that, as c becomes indefinitely large, x/m will also become 
indefinitely large, whereas it is well known that adsorption ap¬ 
proaches a limiting value at which, it is believed, there is approxi¬ 
mately a monomolecular layer of adsorbed particles, when no 
further material is adsorbed however much the concentration is 
increased. The isotherm was modified to overcome this defect 
by Schmidt (67), who assumed that the coefficient k in Freundlich^s 
isotherm was itself variable and decreased exponentially with 




Fig. 133. The Freundlich ad- Fig. 134. Adsorption isotherm 
sorption isotherm. suggested by France. 


increase in adsorption (viz., k = where A is a constant), 

whence he derived the expression dx/dp — kois — or 

In [s/(s — x)] — Ax = Kp. Schmidt later proposed 

where A and K are constants, x is the amount adsorbed, a the origi¬ 
nal amount of impurity, and v the volume, so that (a — x)/v 
represents the concentration. This gives better agreement but 
still shows discrepancies in the calculated and observed values of 

K. 

A considerable amount of research into the adsorption of dyes 
by growing crystals was conducted by Marc. He began (68) with 
a formula developed directly from the Freundlich isotherm [viz., 
a = (in a later paper he refers to it as a = A:*Z") where a 

is the amount adsorbed on a given area of the crystalline surface, 
A: is a constant, I the concentration remaining in the solution at 
equilibrium, and n is a constant whose value was found to vary for 
different cases between 0.3 and 0.7 but could occasionally approach 
unity]. Examples are given in Table 28. The figures indicate 
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TABLE 28 
(After Marc, 69) 

Uric Acid with Bismarck Brown 


(With n = 0.67; log k = 0.49 to 1) 


1 

a (obs) 

a (calc) 

0.04 

0.01 


0.03 

0.01 


0.087 

0.011 


0.0049 

0.010 

0.009 

0.0044 

0.008 

0.0083 

0.0035 

0.0076 

0.0072 

0.0033 

0.0058 

0.0069 

0.0028 

0.0053 

0.0062 

0.0019 

0.0051 

0.0048 

BaS 04 

with Ponceau RIl 

(With /I = 

0.846; log k 

= 0.8555) 

0.019 

0.051 


0.041 

0.049 


0.018 

0.052 


0.008 

0.042 

0.042 

0.0043 

0.026 

0.025 

0.0024 

0.013 

0.015 


that, when the concentration I has attained a certain value, further 
increase is ineffective, as shown by the constant values of a (obs) 
in the upper portion of both parts of the table. 

Marc also finds examples which are better represented by 
Schmidt's expression (e.g., dextrin on BaCOs). However, he 
expresses the view (69, p. 686) that: 

The following conclusion seems obvious as a result of the researches 
of different authors as well as of my own viz. that the adsorption- 
process is not conditioned by any single factor, but rather by several 
and that while one of these will prevail in the one case, a different one 
will do so in another case. The question is whether we can get any 
information as to the nature of these various influences. 

This opinion is almost identical to that expressed by Lane- 
muir (70): ^ 

From the above considerations, it is apparent that the phenomena 
of adsorption cover nearly the whole of the chemistry and physics of 
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surface action. The complexity and variety of processes involved in 
adsorption are thus about as great as those in physical and chemical 
changes of state in homogeneous media. In the study of adsorption we 
should therefore expect to find many different types of adsorption 
phenomena and, in general, unless great care is taken to simplify the 
experimental conditions, we should expect the observed phenomena to 
be of the utmost complexity. It is then no longer reasonable to look 
for a single equation which, for all cases, will give the relation between 
the pressure and the quantity of adsorbed gas. Instead of that, we 
should look for a number of different limiting equations, each covering 
a definite type of adsorption. Only by careful control of the experi¬ 
mental conditions will it be possible to study each type separately. 

IVIarc finds in his later work (69) three types of behavior. 
One type shows a strongly curved isotherm, and n is very incon¬ 
stant; the formula of Schmidt appears to fit reasonably well. 
A second type shows a good agreement with the exponential 
(Frcundlich) expression, with n keeping constant. The third 
type possesses an extraordinary power of adsorption at low con¬ 
centrations and mav reach saturation at verv low values of the 
latter. Alarc generally finds substances of a colloidal nature to 
adsorb heavily while crystalloids, on the other hand, are lightly 
adsorbed and tend to go into a sort of solid solution. 

Although many workers had noticed that there appeared to 
be an upper limit to the concentration of adsorbed molecules on 
a surface, no one gave a clearer impression of the significance 
of this limiting value than Langmuir. His view of adsorption 
is that there is a constant impinging of particles on the surface 
of the solid and that these usually collide inelastically with the 
surface layer atoms and remain there so that the immediate 
reflection of an atom is very rare indeed. At the same time, 
atoms are releasing themselves from the influence of the surface 
atoms by a process like evaporation, and the time lag between 
the two processes constitutes adsorption. When all available 
locations on a surface are filled by oncoming particles, the sur¬ 
face is saturated and w'e have the monomolecular layer. Lang¬ 
muir states that this represents the upper limit of adsorption, 
and cases where further adsorption has been reported can usually 
be attributed to the difficulty of correctly estimating the total 
adsorbing surface, condensation in capillary spaces in the crys- 
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tals or absorption into the interior (e.g., by diffusion) producing 
a form of solid solution. 

In the simplest case, where all available points in the surface 
are alike, he treats it in the following manner: Let A^'o represent 
the total number of active spaces in a square centimeter of surface. 
Then, if we assume that a monomolecular layer is not exceeded, 
this value is the upper limit set to the adsorption process; ^ is 
the total number of molecules striking the unit square centimeter of 
area, and a. is the proportion of these which condense and remain, 
at least for a time, on the surface. On a clean bare surface a. 
approaches unity; the rate of condensation on the latter can be 
represented by a/z- On a partly covered surface where B is the 
uncovered fraction, the rate of condensation will be ol\iQ. The 
evaporation will only occur on the covered portion of the surface 
represented by the fraction d\ where 6\ = 1 — 6. If Vi is the rate 
of evaporation from a completely covered surface, the rate of 
evaporation from the partially covered surface will be ViBi. When 
a gas is in equilibrium with a surface, 

a^xB = ViB\ ( 1 ) 

and substituting (1 — 0i) for B on the left-hand side we have 

aii 

Ox = —^ (2) 

Vi -f an 

The ratio of condensation to evaporation simultaneously taking 
place is a/rj, and, calling this <ti, we then have 


(Tin 

Bi = - 

1 CiM 



I f is the number of gram molecules per square centimeter and N 
is Avogadro’s number, 


7}N (Tin 

Bi = — = - 

Nq \ (Tin 



Langmuir showed earlier that n was related to the pressure p by 
the expression n = 43.75 X 10“** X \/p/MTj M being the molecu¬ 
lar weight and T the absolute temperature. The values of n and 
T) can be determined experimentally, and from these Nq and (Ti can 
be determined. 
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The ‘^average life*’ of all the atoms which condense on the surface 
is Nq/Nvx, and the “average life” of atoms which strike the surface 
is {Nq/N) • {oc/vi) or Nq<tx/N. Calling the latter ratio T, we arrive 
at the expression 



Tjx 

1 + o-iM 



At very low pressures, <T\p. becomes negligible and 



Under these conditions, 77 decreases rapidly with increase in tem¬ 
perature, since T is inversely proportional to the rate of evapora¬ 
tion. At high pressures, becomes very large so that tj ap¬ 
proaches a saturation limit: 



where every elementary space contains its adsorbed occupant— 
the mononiolecular layer. At intermediate pressures, the Lang¬ 
muir isotherm reduces to an expression similar to the Freundlich 
isotherm, so that the latter may be regarded as a special case 
of the former. In the application of the various isotherms to 
liquid-solid systems, no account has been taken of the obvious 
possibility that the solvent liquid may be adsorbed as well as 
the dissolved adsorbate, sometimes even to a greater extent, so 
that the concentration of the latter may actually increase by 
the adsorption process. Williams (71) studied this aspect with 
reference to the usual types of charcoal-electrolyte adsorption 
and found positive evidence of adsorption of the solvent which, 
under certain conditions, might exceed the effect of adsorption 
of the added substance, but there does not appear to be other 
than a distant bearing on the kind of problem we are dealing 
with here. 

The monomolecular layer itself calls for some deliberation at 
this stage. Langmuir calculated that the attractive forces which 
survived, after one layer of atoms or ions had been attached 
to the surface, were so weak that any atom reaching the outer 
surface would be so loosely attached and so quickly evaporated 
again that, to all intents and purposes, it would suffer an elastic 
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repulsion or reflection. Other workers have brought evidence to 
bear on the stability of the monomolecular layer and the extent 
to which surface forces can regulate the capture and laying down 
in regular formation of atoms kinetically arriving at the surface. 
Although originally devised to explain the simpler spherically 
symmetrical types of atom and ion, and being eminently suc¬ 
cessful in the process, the idea has also spread to adsorption of 
huge molecules from solution on various sparingly soluble sub¬ 
stances such as BaS 04 , PbS 04 , CaCOg, PbS, etc. With artificial 
lead sulphide (but not powdered natural galena), Paneth and 
Tliimann (72) found that the dye Ponceau 2R attached itself 
until 85% of the surface was covered by it. This they considered 
near enough to the 100% of the monomolecular layer. Of course, 
the Ponceau 2R molecule or ion (the Na ions remaining in solu¬ 
tion) would be a large sprawling kind of affair, and, instead of 
every available spot being attached to, only one in several would 
be filled. Obviously this will always be the case where the 
adsorbing ion is so large relative to the active localities in the 
surface. With lead sulphate and the same dye (73), only 31% 
of the surface was affected. The same author is so confident of 
the existence in most cases of tlie monomolecular layer, at satu¬ 
ration, that the effective surfaces per gram of various kinds of 
charcoal are calculated from the amounts of dye adsorbed (74). 

There are many examples of work done to ascertain the extent 
of the absorbed layer in different materials. Perhaps we may 
mention the case of silver ions adsorbing on silver or gold leaf 
from a 0.03 N solution of the nitrate, von Euler (75) found this 
to go on to the full monomolecular layer, but Fajans (76) in 
the case of the adsorption of silver ions from the nitrate on silver 
bromide crystals found only one out of every four possible posi¬ 
tions occupied. 

The state of the adsorbed dye has been touched upon by 
Davey, who experimented with silver halide and memljcrs of 
the cyanin group of dyes. He found two distinct types of light 
absorption and considered these to correspond with two different 
monomolecular saturation points. To begin with (77), the dye 
ions are adsorbed and lie in positions on the halide surface so 
that their ring systems are flat. In this position they take up 
a good deal of room and, theoretically, there should be a dis- 
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tinct saturation point for this character of adsorption. Before 
the surface is completely covered with molecules lying down on 
the surface, however, a new alignment begins, with the molecules 
presenting their thinner configuration vertical to the surface. In 
this type, more molecules can be accommodated on a given area 
of surface, and there is a higher limit to the saturation value 
representing a state of adsorption where all the adsorbed ions 
are occupying the extra positions allowed by this closer packing 
of the large configurations. The latter rearrangement is, per¬ 
haps, an example of the kind of thing visualized by Hahn and 
his pupils (78, 79). According to Hahn, there is a primary 
adsorption which takes place practically instantaneously, appar¬ 
ently similar to Paneth and Fajan’s type, and it is a function of 
the surface potential of the adsorbing solid and to the valence 
of the adsorbing ions (they are dealing with various radioactive 
isotopes of Pb, Th, Ra, etc.). The first stage is followed by a 
secondary adsorption effect which is attributed to a sort of 
molecule formation and takes an appreciable time to run its 
course. It is not to be confused with the absorption into the 
solid via its pores and grooves and ultimately, perhaps, into solid 
solution which also takes time and has been considerably noted. 
The molecule formation takes place in the relatively diminishing 
surfaces as the fine-grained material grows coarser. This is best 
seen with those surface complexes which are sparingly soluble in 
the liquid surroundings and may be neglected for adsorption 
compounds which are potentially very soluble, such as are to be 
found in most cases of adsorption of dye on crystals. One 
example of the former is given by Kiiding (80), who shows 
that when the lead ion is adsorbed on alkali halides at a con¬ 
centration of 10“^® grams per cubic centimeter, a greater pro¬ 
portion goes onto the crystal than remains in solution and tends 
to enter into true solid-solution relationship with the substrate 
(i.e., the lead cation functioning normally). With greater con¬ 
centrations, however, the chemical association begins and PbCI.i 
anions are formed on the surface. Only the rock-salt type of 
structure will function, other alkali halides with the CsCl struc¬ 
ture being useless, as also are the low-temperature hydrates 

NaCl* 2 H 20 and NaBr- 2 H 20 . 
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Kolthoff has investigated the subject and finds that there are 
several different types of adsorption (81). AVith equivalent 
amounts of AgNOa and KI in solution, the precipitated Agl 
always contains an excess of adsorbed I ions. Only when silver 
ions are in excess to the extent of 10“*^ M can the Agl crystals 
be truly in accordance with the formula. Kolthoff also finds 
many cases of “exchange adsorption’^ where, for example, a 
Pb++ ion, on being adsorbed by a BaS 04 surface, releases a 
Ba'^+ ion into solution. In such cases, the adsorption is con¬ 
ditioned by the rule 


Pb"*”^ (surface) 
Pb"^"*" (solution) 



Ba'*"'^ (surface) 
Ba"*"^ (solution) 


A similar thing can happen even with more complicated ions 
(e.g., AgCl 4- cosine ~ —> Ag eosin Cl”). Then again there is 
“activated adsorption” as, for example, de Boer’s adsorption of 
alizarin l)y CaF:* (50) which becomes activated by heating to 
over 300°C, after which the organic molecules cannot be dis¬ 
solved oft' by solvents. 

Examples of adsorption with stabilizing effect, possibly by 

chemical action, are afforded by the aqueous emulsoids which 

form a protective coating on the surface of metals. Friend gives 

exami)les of this protection (82) in pure and in acid sols (Tables 

29a and 296). The layers formed on the metals in these cases 

are evidently fairly compact and relatively impenetrable to 

destructive influences which are attempting to attack the under¬ 
lying metal surface. 

There are one or two experiments which point to the survival 
of orientating forces after the surface has been supposed to be 
neutralized by a complete monomolecular layer. 

Finch and Quarrell (83) have shown that, when Mg or Zn is 
vaporized on a Pt surface, the crystal structures being hexagonal 
close-packed and face-centered cubic, respectively, and also with 
A1 on Pt with a similar structure but widely differing parameters, 
the thin films of condensed metal do not possess their own crystal 
structures but are influenced by the atoms in the surface struc¬ 
ture of the substrate. Thus AI has a face-centered tetragonal 
airangement. As the thickness of the film increases, it gradually 
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TABLE 29a 



Corrosion 

OF Fe, Zn, Pb by a 

0 . 2 % Sol 


(Friend, 82) 



0.2% 

Mean Relative Corrosion 

Solution 

Fe 

Zn 

Pb 

(Pure water) 

100 

100 

100 

Acacia 

57 

200 

19 

Dextrin 

55 

94 

0.9 

Potato starch 

55 

72 

9.5 

Gelatin 

41 

94 

2.6 

Tragacanth 

23 

26 

2 

Egg albumin 

7 

32 

0.6 

Agar 

2.7 

0 

1.4 


TABLE 295 



Corrosion of Fe by N/2 H2SO4 



Mean Relative 

Substance 

Percentage 

Corrosion 

Acacia 

0.01 


85.3 


0.1 


52.4 


0.2 


77.1 

Agar 

0.01 


68.3 


0.1 


59.9 


0.2 


59.5 

Gelatin 

0.01 


42 


0.1 


26.1 


0.2 


15.9 


assumes the character of its pure crystal structure. The thin film 
of metal may have a tendency to build up a structure not the same 
as the metal in bulk. An illustration of this, given by Quarrell 

(84) , is that of cobalt, whose ordinary structure is hexagonal 
close-packed but which shows a tendency with increasing thick¬ 
ness to build up a cubic face-centered arrangement. Bradley 

(85) has worked on the limiting thickness of intervening layer 
between substrate crystal and parallel growth which is sufficient 
to inhibit the formation of the latter. With ammonium iodide 
on mica, layers of stearic acid, cetyl alcohol, etc., up to a limit¬ 
ing thickness not much greater than 1 X 10“'”* centimeters (i.e., 
0.1 micron or 1000 A.U.) were found not to inhibit the formation 
of the triangular parallel growths. With thicknesses over this 



ADSORPTION ISOTHERMS 


457 


value, growths of NH4I on mica were liaphazard. Bradley does 
not consider that the surface forces are capable of penetrating 
such relatively great distances but that the atoms in the first 
orientated layer pass on the arrangement by virtue of their own 
localized forces. There is some slight distortion at each staae, 
however, and, this being cumulative, a point arises at which no 
further orientation is possible. This would seem to point to 
the possibility of greater thicknesses than the single monomolecu- 
lar layer of Langmuir in favorable cases, though multimolecular 
layers do not appear to have been proposed for adsorption of 
such adsorbing substances as the large dye molecules. Indeed, 
adsorption of the latter during continued growth of crystals 
probably takes place on a relatively infinitesimal scale compared 
with the data we have discussed hitherto in this chapter. Thus, 
France found that, when Diamine Sky Blue is adsorbed and 
included in potash alum and similar crystals, there is no greater 
than the order of Viooo part of a complete monomolecular layer 

found in the final cubes (86, 87). The value, of course, mav 

# %/ 

vary considerably from one substance to another and for differ¬ 
ent crystallizing bodies, but we may take it as a typical figure 
for purposes of comparison with the figures obtained by classical 
adsoiption methods. It can be taken that, where a crystal is 
growing from solution, the crystallizing particles will themselves 
tend to crowd out the adsorbing molecules of impurity and even 
to push out a large proportion of the latter which have already 
attached themselves to appropriate points in the surface. This 
IS seen to better advantage in the newly developed chromatogra¬ 
phy, where a later-arriving adsorbing ion will push out another 
earlier arrival which has already encamped on the surface and 
which, on being ousted, finds a new place farther on. France 
also criticizes the various adsorption isotherms and points out 
that not one of them more than approximately fits the observa¬ 
tions. His researches led to the conclusion that there is a lower 
limit to the adsorption isotherm which is not zero, but that, for 
concentrations of dye in the supersaturated solution below this 
limit, there is no tendency whatever to adsorb (88, 89). At the 
limiting concentration where no adsorption occurs, France sug¬ 
gests that the Freundlich isotherm term is balanced by a 
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“counter-adsorption” effect which may be expressed as 
or /cc^^" = 

His suggestion is that the Freundlich isotherm should read 
a = From the positive value on the abscissae 

where the isotherm starts, it follows a typical adsorption curve 
(Fig. 134). The difficulty about the adsorption reaching a 
maximum as so frequently observed does not appear to be dealt 
with in this equation. Moreover, though it may approximately 
represent the behavior of certain dye impurities, it cannot ade¬ 
quately represent that of the three distinct types put forward 
by Marc (691 in which a very strong adsorption effect occurs 
at quite small concentrations. The writer has noted this kind 
of effect with many dyes with growing KCIO3 crystals in par¬ 
ticular, but also with practically all crystals studied in the case 
of certain dyes, the effect being that all perceptible color goes 
into the crystal at fairly small concentrations of dye and leaves 
the solution colorless. Another drawback to the successful repre¬ 
sentation of the adsorption of dyes by crystal surfaces by means 
of any isotherm is the well-known fact that only certain faces 
will allow deposition, whereas adjacent ones of a different char¬ 
acter on tiie same crystal will not allow any appreciable ad¬ 
hesion, so that each individual crystal in a conglomerate or heap 
will have active and passive faces in varying proportions. The 
mere fact that substances like PbS and BaS 04 will adsorb up to 
nearly a monomolecular layer of dye when the crystals are not 
growing but may reject almost all of the same dye under condi¬ 
tions in which they themselves are growing indicates that it is 
a doubtful expedient to relate adhesion and inclusion of particles 
on certain specific faces of a crystal, even particles of molecular 
dimensions, to any adsorption isotherm of the kind so far put 
forward. 
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In earlier chapters mention has often been made of features of 
a growing crystal which depend upon one or more variable con¬ 
ditions present in or imposed upon the crystallizing system and 
causing one of a variety of changes from the ideal crystal (on 
which every similar face is developed to an identical extent and 
no form so outweighs another as to result in needles or plates 
being developed instead of uniformly shaped crystals). It is 
proposed here to discuss in more detail the nature of the changes 
which occur with modification of the physical or chemical condi¬ 
tion of the crystal environment. One of these features, and a 
very common one too, that of vicinal replacement of true lattice 
planes, appears to depend upon factors not yet tracked down; 
most other features depend on factors which are understood, 
even if imperfectly, and efforts at a quantitative explanation 
(e.g., of dendritic growth) have been made with perhaps quite 
as great a degree of success as attends similar exercises in many 
other sidelines of science. Before the views of investigators of 
dendritic growth formation are introduced, a review of the 
cruder environment changes which are of the commonest occur¬ 
rence in practice will be made. These include such physical 
features as temperature, viscosity, surface tension, and the more 
purely geometrical relationships between crystal and containing 
walls, crystal and surrounding crystals, and the shape of the 
fluid from which separation is taking place. Most of these are 
of influence in determining the speed at which crystal material 
becomes available for deposition, and the latter is of paramount 
importance in determining the course of events. In this connec¬ 
tion, the views of Ludwig Wulff (1) on the relationship of speed 
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of growth and homogeneity of the solid should not be lost sight 
of (see end of Chapter 4). He found that, when clear crystals 
and those containing inclusions were grown together under iden¬ 
tical conditions, the latter grew more quickly than the former 
and, in fact, the growth of the clear ones might remain suspended 
for w'eeks while inhomogeneous ones nearby were continually 
growing. He said: 

. . , we see that homogeneity and inhomogeneity of crystals are not 
solely the consequence of differences in the growth and corrosion rates 
but that they may even he regarded as causing these differences. So 
that we have growth velocity and susceptibility to etching in a fluctuat¬ 
ing relationship (Wechselzusamincnkang) with crystal homogeneity and 
inhomogeneity. 

Evidently the character of the simplest type of crystal growth 
is far from clearly understood. But, as this is a feature of 
crystal growth which is not easily assessable, it will be assumed 
in most of what follows that crystals of a corresponding degree 
of perfection are used in kindred experiments. Trouble can be 
expected where this is not the case. During the growth of a 
crystal from a liquid, changes in the density of the latter occur, 
due, in solutions, to an impoverishment of crystal material through 
deposition and, in melts, to the release of heat of fusion by the 
forming of crystals and, usually more important, to escape of 
heat through the containing walls. From whatever cause, these 
changes result in a movement of fluid around the crystal, causing 
liquid in a better condition from which to crystallize to arrive 
regularly at the various crystal surfaces. Gaubert (2) reviewed 
the position of these “concentration currents” and commented 
on the views of such earlier workers as Frankenheim (3), Leh¬ 
mann, and Wulff. Frankenheim advanced the view that the 
layer of solution in contact with a crystal deposited material 
thereon and w^as lightened in the process. On rising, it was 
replaced by a heavier layer and so the process was continuous. 

It will be seen that, in a solution containing a number of crystals, 
the number and interaction of these streams will provide ample 
opportunity for variation. The original direction will be ver¬ 
tically upwards, but on continuing they will tend to become 
circular. Streams arising from a polygonal crystal will tend to 
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assume such a polygonal shape. The best examples of such 
symmetrical groupings in concentration streams are found in 
the limitless variations found in the individual snowflakes. He 
gives instances of the impact of concentration currents on a 
crystal face, where very shallow steps may sometimes be seen, 
the concentric rings being normal to the direction of a current 
(Fig. 135). In Fig. 136, he suggests a way in which a crystal 



X 

Fig. 135. “Concentration steps” on (111) of lead nitrate. (Gaubert.) 

will extend itself into the oncoming current (the arrows repre¬ 
senting the currents). If a crystal remains throughout in the 
same position, the play of concentration currents will cause some 
lack of symmetry to become evident. It was to avoid such 
developments that G. Wulff (4) and Johnsen (5) designed their 

apparatus with rotating vessel, or rotating crystal, already de¬ 
scribed in Chapter 2. 



Fig. 136. Extension of a crystal in the direction of a concentration current. 

Whenever the shape of the containing vessel is detrimental to 
the proper distribution of concentration currents, growth ab¬ 
normalities are bound to (iccur. This is particularly the case 
where the solution is very shallow compared with its breadth; 
for then it is almost impossible for any but the smallest-scale 
circulation to occur. The face on which a crystal rests on the 
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bottom is deprived of material and ceases to grow. Just around 
its edges, a trace of material is able to percolate in and cause a 
slight raising of the crystal, and the continuation of this periph¬ 
eral growth gives the well-known “hopper” face seen on most 
crystals. As a matter of fact, many crystals grow hanging down¬ 
wards into the solution, held up by the surface tension of the 
rim of the top face, and the latter, for similar reasons, also 
develops into a hopper not easily distinguished from the first 
type. For more unifonn growth, therefore, a crystal should be 
suspended from a thread and be reasonably free from interfer¬ 
ence from walls, bottom, surface, or other crystals or should be 
constantly turned into a new position. An example of crystals 
hanging down from the surface layer was given in the case of 
KCIO3 (6). These presented their maximum growth directions 
into the concentration streams and so grew at a very high speed 
around their edges. By the time the stream had reached the 
side faces (here the basal planes {001}), very little excess was 
left, and in addition it was a direction of minimum growth. The 
lack of uniformity in the growth rates of the different KCIO3 
faces is thus greatly exaggerated, and exceedingly thin flakes 
often up to 1 or 2 centimeters in length occur regularly. On the 
other hand, with the same crystals lying with their minimum 
growth directions (the {001} planes) receiving the concentration 
currents direct, as when they lie flat in the surface, much thicker 
plates result, the latter factor helping the crystal to make the 
most of its poor growth velocity in this direction. Lastly, when¬ 
ever a cluster of seeds, all lying with their {001} planes in the 
surface, get together, the side-extending tendency is further lim¬ 
ited and a quite uniform crystal results. This effect of crowding 
is a common one and, provided the process is not carried too far, 
is a means of helping faces of lesser importance to appear on 
the crystal. If the process is carried beyond a certain point, it 
is obvious that the crystals will join together at the planes of 
contact and these, depending only upon the orientation of the 
original seeds, will be non-lattice planes as a rule. 

The rate of circulation of concentration streams will depend 
upon the rate of cooling or, if at constant temperature, on the 
solubility and density of the dissolved substance. A very soluble 
lead salt, for example, would, on crystallizing, leave the depleted 
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layer relatively much lighter than, say, a similarly soluble 
sodium salt; again, sodium chlorate or sodium nitrate, both very 
soluble, will also cause a bigger change in density on crystallizing 
than, say, the sparingly soluble potassium perchlorate or bitar¬ 
trate. A large difference will obviously result in a fiercer circu¬ 
lation, and this is possibly a reason for the tendency of the for¬ 
mer two salts to develop “flat" habits, the one a “flat" cube, the 
other a “flat" rhombohedron. 

There are other cases similar to KCIO3 where there appear to 
be structural reasons for facilitating growth in certain preferred 
directions (e.g., the X axis of K 2 SO 4 or K 2 Cr 04 , the Y axis of 
KMn 04 ). When these tendencies are present, rapid growth, as 
in the tabular KCIO3 crystals, appears to accentuate the differ¬ 
ences between the preferred and other directions. 

The position of a crystal, when resting on the bottom or sus¬ 
pended from the surface, may affect its orientation. It is com¬ 
monly found that octahedra of alum tend to rest on an octa¬ 
hedron face and less extensively on a cube face. Many other 
crystals rest on some prominent prism face (e.g., potassium and 
ammonium acid phosphates). The proportions of crystals with 
such orientations is too great to be conditioned by mere chance, 
the majority of all the crystals of a batch often being so set up. 
Himmel (7) points out that the large majority of potash alum 
crystals rest on a glass bottom on their {111} faces, less fre¬ 
quently on (100), and but rarely on (HO). Surfaces of nickel 
and porcelain behaved in tlie same way. Rosicky, in a recent 
publication (8), points out that copper sulphate tends to rest 
on a {110} face and verifies the observations with respect to 
the resting of alum on a {111} plane. Sometimes it appears 
that not a crystal plane but an axis is involved. Thus, when 
cane sugar is crystallized from a microscope slide, radial groups 
are formed, and Himmel states that these have their Y axes, 
[010], approximately parallel to the slide, though after this the 
crystals may be rotated by any unspecified amount. He also 
deals with the orientation of fibrous aggregates, but these are 
considered later when the so-called “growth pressure” is dealt 
with. Another view was expressed by Holzner (9) (viz., that 
the habit and orientation of the crystals during growth was sub¬ 
ject to the condition that the crystal presented the maximum 
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surface to the mother liquor). As instances, he gives quartz 
standing out from the matrix as prisms, and calcite with fiat 
rhombohedra growing edgeways. It is hard to see on this view 
why crystals do not invariably assume a dendrite outline. Tem¬ 
perature also has a minor influence on the habit and develop¬ 
ment of crystals. The first feature of this influence is that of 
accelerating evaporation and consequently the speed of deposi¬ 
tion, and in this way the tendency will be toward a simplifica¬ 
tion of the habit. In certain cases, too, raising or lowering the 
temperature about certain critical values may cause the sepa¬ 
ration of a different polymorphous form of crystal or modify 
their state of hydration. 

Mention has been made of how crystals, grown at a high tem- 
j^erature, due precautions being made to annul the increase in 
evaporation, are frequently more perfectly formed and of how 
the cruder lineage formations of lower temperature crystalliza¬ 
tion are then absent (e.g., with LiS 04 -H 20 ) (10). 

It has been known for many years that temperature can have 
a specific effect, if small, on the actual habit of the crystals. 
Both Schubnikov (11) and Spangenberg (12) pointed this out 
for the case of potash alum, where the natural order of the three 
principal forms at 20°C (viz., {Ill} > (100} > {110}) is at 
30°C modified to {111} > {110} > {100}. 

Perhaps the greatest influence of temperature is one which 
cannot apply to perfectly pure crystals. It is the effect which 
it may exert on powerfully acting impurity molecules so that the 
habit-changing potency of the latter toward the growing crystals 
is considerably modified. 

Table 30 is taken from some odd data obtained by the writer 
some little time ago. In Chapter 10 it was mentioned that 
KCIO4 and NH4CIO4 were affected in two possible ways by the 
same impurity according to the relative concentration of the 
latter. In more dilute solution, the dye would cause the pre¬ 
dominance of {011} whereas an increase in the amount of dye 
would occasion the progressive improvement of {102} until it 
superseded the {011} effect. Table 30 shows the “standard” 
quantities per gram of salt (not the reciprocals here as in Chap¬ 
ter 10). The feature of importance to us at this stage is the 
obvious influence of temperature in scaling down the power 0 / 
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TABLE 30 


Influence of Temperature on Crystal Habit of (Mainly) KCIO4 


Impurity 

(Colour Index Num¬ 
ber and Name) 

Crystal 

Face 

Quantity 
Required for 
Standard at 24®C 

Quantity 
Required for 
Standard at 50 °C 

(79) Ponceau 2R 

K 2 SO 4 -OIO 

0.0004 to 1 gm salt 

0.0006 to 1 gm salt 

(57) Azogrenadine L 

KCIO 4 -OII 

0.0015 “ 1 “ “ 

0.0025 “ 1 “ “ 

(161) Orange U 

KCIO 4 -IO 2 

0.0015 “ 1 “ “ 

0.0025 “ 1 “ 

(151) Orange 2 

KCIO 4 -OII 

0.0015 “ 1 “ “ 

0.004 “ 1 “ “ 

(151) Orange 2 
(204) Solochrome 

KCIO 4 -IO 2 

0.005 “ 1 “ “ 

Effect cut out 

1 

Black A 

(170) Solochrome 

KCIO 4 -IO 2 

0.002 “ 1 “ « 

1 

0.004 to 1 gm salt 

Black PV 
(170) Solochrome 

KCIO 4 -OII 

0.0012 “ 1 « « 

0.0015 “ 1 “ » 

Black PV 

KCIO 4 -IO 2 

0.0015 “ 1 “ “ 

0.003 “ 1 “ “ 

(185) Azo lied A 

KCIO 4 -OII 

0.02 “ 1 « 

0.03 “ 1 “ “ 

(185) Azo lied A 

KCIO 4 -IO 2 

0.03 “ 1 “ “ 

Effect cut out 

(188) Chroinotrope 8 B 

KCIO 4 -OII 

0.001 “ 1 “ “ 

0.0015 to 1 gm salt 
0.006 “ 1 “ “ 

(188) Chromotrope 8 B 

KCIO 4 -IO 2 

0.005 “ 1 “ « 


the impurity to work out its purpose. We are not here con¬ 
cerned with the actual niechanism of this dual cfifcct of an im- 
luirity or with the means by which the change-over is brought 
about. Association of lesser molecules to form bigger ones is 
out of the ciuestion, as we have the example of Trypan Red 
(Colour Index No. 438), which affects KCIO 4 exclusively on 
{ 102 } and the isomorphous NH 4 C 104 exclusively on {Oil}. The 
whoR problem remains a mystery, but we need only point out 
tlie fact of the existence of such behavior here. The same pro¬ 
cedure may occur in many other cases where the impurity is 
not even suspected. 

Another possible way in which temperature may affect the 

course of crystallization is in lowering the viscosity of a solution 

or melt. We have not yet discussed what influence viscosity has 
on crystallization. 

The most obvious effect of viscosity is that of slowing down 
sometimes to elimination point, the concentration currents so 
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that growth tends to go on naore exclusively by diffusion. The 
actual growth to visible size of seed crystals may also be very 
much affected by the viscosity as well as the subsequent linear 
crystallization velocity (Tammann’s K.G.) in a melt. 

One obvious effect of the damming up of the concentration 
currents is the inability of a growing surface to part quickly 
with its liberated heat of solidification, so that this accumulates 
and tends to edge-and-corner growth and to the formation of 
dendritic growth. On the relative predominance of certain faces 
over others of a different nature on the same crystal, viscosity 
per se has little or no influence, though occasionally very viscous 
substances may also be habit changers through some specific 
structural property (e.g., collodion modifying naphthalene in 
methyl alcohol solution) (13). 

The effect of surface tension on habit modification is prob¬ 
ably negligible, except when, with tiny needles or with certain 
metals heated to near their melting points, the surfaces suffer a 
rounding off. Surface energy may also act in the sense postu¬ 
lated by Curie (Chapter 3), when the scale is minute enough, 
and cause lesser particles to be redissolved prior to their sub¬ 
stance growing again on the bigger particles. But there are 
many peculiar growth formations which appear to depend upon 
the relative surface tensions of solution and solid or of solid 
and solid, and many queer processes which have no explanation 
not involving these. Some of these processes are the inclusion 
of solid particles in a crystal during growth, the creeping of 
many solutions, the so-called “crystallization force'' or “growth- 
pressure" debated by many workers, the formation of fibrous 
aggregates of gypsum, ice, and other substances, and, possibly, 
the curvature and twisting sometimes found in crystalline needles. 


Growth Pressure 

A point of particular interest in this chapter is the discussion 
raised after the publication of a paper by Becker and Day (14) 
in which they put forward the view' that a crystal can exert a 
pressure w'hen trying to increase its size. They placed a plate 
of glass holding a weight on the upper face of a crystal of alum. 
Growth was found to continue even with a kilogram weight 
pressing down on the crystal. They attributed the effect to a 
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linear “crystallisation force” and used as an illustration of a 
similar type of event the power of frost to raise masses of earth 
and the splitting of slate laminae by growing pyrites crystals. 
As the weight on the alum crystal is supported by an exceedingly 
thin strip of crystal on the edge of the hopper-shaped under¬ 
surface, they calculated that the pressure involved is comparable 
to the ascertained order of resistance to crushing stresses. They 
found a similar kind of thing with potassium ferrocyanide, cop¬ 
per sulphate, and lead nitrate. A little later Andree (15, 16) 
took up a position favorable to Becker and Day’s views, con¬ 
sidering that the effective pressure exerted by ice crystals was 
not due to the volume effect of expansion on solidifying nor that 
capillarity nor surface tension alone could explain everything. 
Among other examples he quotes tlie clear gypsum crystals which 
have grown in a matrix of clay. The idea of a special crystalli¬ 
zation force is scouted by Bruhns and Mecklenburg (17), who 
consider that it can be explained on the lines of adsorption, 
cajullarity, etc., forces which are not peculiar to the crystalline 
state. With the alum experiment, tliey were unsuccessful in 
getting the loaded crystal to grow at all. 

A more descriptive work is that of R. Schmidt published 

shortly after these papers (18). Preparatory to a description of 

his own observations on fibrous rock salt and gypsum, Schmidt 

gives a review of some relevant earlier work [e.g., by Scharf 

(19) who states that the “salt clay” has a white fibrous crust 

whose individuals consist of fibers elongated on a cube face 

diagonal—i.e., [101]—and whose sides and ends consist of cube 
facets (Fig. 138a)]. 

By selection and growing, and fastened onto a movable plate 
by wax (Fig. 137), types shown in Fig. 138a and Fig. 138fa wore 
found. In Fig. 1386, the three cube facets are related to the 
fiber-axis direction by angles a, fi, and y. When these are equal 
and of value 35°, the zone axis [111] is indicated. 

Three other good examples are quoted. In the first of those, 
A. Kenngott {Sitzber. kl. Akad. IFiss., 1855, 16, 157) instances 
a brick wall which had received a coat of paint. During a keen 
frost, a fibrous ice layer formed, with the component fibers at 
right angles to the wall. The layer of paint was raised farther 
and farther from the wall. Some of the individual fibers ap- 
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peared to have a hexagonal outline. Doenitz (Mitt, deutsch. 
Ges. Nat. Volkerkunde Ostasiens) mentioned similar effects where 
the upper layer of the soil was raised by closely packed clusters 
of ice columns, each column never greater across its hexagonal 
outline than millimeter but the columns grouped together by 
sintering in larger units up to a centimeter in width. Although 



Fig. 137. Rcgrowth of fibers 
for identification. (Schmidt.) 



(a) (b) 


Fig. 138. («) Salt fiber, axi.s 

[101] bounded by cube 
facets. (6) Salt fiber, axis 
approximately [1111, cube 

facets. 


the average length was 3 to 5 centimeters, lengths of 10 centi¬ 
meters have been noted. Similar columns and groups of ice 
crystals growing on rubbish heaps have been noticed by Koch 
(20). The actual modus operandi is not easily foreseen, Schmidt 
at first thought that the solution made its way along the narrow 
spaces between the fibers and, reaching the ends, deposited its 
excess there and so elongated them still more. Dyeing the ends 
with magenta, however, showed that growth took place at the 
bases of the columns rather than at the extremities, for after a 
time the dyed ends were further elevated without the appearance 

of any colorless addition above them. 

Schmidt also refutes the view of Lehmann (21) who, when 
speaking of the problem of efflorescence, says that there is a 
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thin but continuous liquid layer adhering to the top surface to 
which additional amounts of material arrive by diffusion. Ac¬ 
cording to Schmidt, if this were the case, not fibers but a con¬ 
tinuous layer of salt would form over the whole surface. 
Schmidts explanation is something like this; If we imagine salt 
solution left in a large crystallizing dish, numerous small crystals 
form at the surface and fall to the bottom. The smaller this 
vessel, the smaller is the number of crystals forming. Ultimately 
we can imagine a vessel so 
small that its surface will be 
the means of formation of but 
one seed. The solution climbs 
through the pores of the clay 
upwards (Fig. 139) and, when 
it reaches the surface, evap¬ 
oration takes place at the 
little cup-like aperture, about 
0.01 millimeter in cross sec¬ 
tion, with which the clay sur¬ 
face is filled. Single crystals 

all but close up these pores, cry.stals seated on 

and the condition for fiber (Schmidt.) 

growth appears to be a fine balancing of the various forces 
and factors involved. Solution comes to the top through capillary 
attraction, and the seed, once started, grows from below. The 
longer the procedure continues, the longer the crystal column 
will grow. The columns themselves are extremely thin and fragile 
and could scarcely support their own weight were it not that they 
are grouped so close together that several join together, partly 
by losing strict parallelism and partly, no doubt, by percolations 
between their own capillary spaces of saturated solution, so that 
the whole mass consists of primary and secondary columns. 
Should the exuding solution be brought up too rapidly, a con¬ 
tinuous layer will be formed. If the solution is drawn up slower, 
le process may occur at some depth below the surface, in which 
case the whole mass of clay above the critical level may be raised 
up by the growing fibers. Schmidt did not actually observe any 
such occurrence in his experiments, but a set of similar events 
causes the raising of masses of earth by ice fibers. Schmidt 
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calculates, from known values of surface tension and density 
and probable dimensions, that a column of fibrous rock salt 
0.02 millimeter in diameter could be reared up a height of 0.8 
meter. He also gives data referring to fibrous gypsum (wherein 
the finest samples have a Z-axis orientation, other inclina¬ 
tions being far coarser) and fibrous Epsom salt (also parallel 
to Z ]. 

It will be seen that Schmidt nowhere postulates a special 
“crystallisation force'^ to explain his observations. 

Taber (22, 23) explains the formation of cross-fiber veins (i.e., 
where the veins are normal to the containing walls) in a similar 
manner. They arc formed by lateral secretion, and the growing 
veins make themselves room by pushing the enclosing walls 
apart. In asbestiform minerals, the fibrous structure is favored 
still more by their prismatic habit. Taber also points out (24) 
that crystals will continue to grow, even when opposed by 
external forces, provided that the faces under pressure remain 
in contact with a supersaturated solution. It is usually possible 
to supply the solution by slow diffusion through the subcapillary 
spaces present, as great resistance is offered to forces opposing 
the expulsion of it from these. Desch (25) has also referred to 
the crystallization force in his report on the solidification of 
metals. He illustrates plaster of Paris as an example of how 
the increase in volume, sometimes observed on solidifying, and 
the thrust exerted by growing crystals may be separated. When 
a test tube is partly filled with plaster of Paris and water and 
allowed to set, the tube is often broken by the apparent expan¬ 
sion, yet there is an overall diminution in volume of about 7% 
when the reaction represented by the equation 

2(CaS04)H20 + 3H2O = 2CaS04-2H20 

proceeds to completion. A similar diminution of volume occurs 
when hypo (Na 2 S 203 ' 5 H 20 ) crystallizes, though porous tiles 
and bricks soaked with the solution have been broken up by it. 
Many crystals, too, are able to thrust aside particles of impurity 
standing in their pathway. Desch also considers it unnecessary 
to assume a separate crystallization force, but the ordinary 
cohesive forces in solids have vector properties in crystals and 
act more strongly in certain directions than in others. 
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Further evidence of economic importance, though emphasizing 
another aspect of the problem, is provided in a statement by 
Laurie (26) on the causes of decay in building stones, other than 
that caused by the usual weatliering influence of erosion, frost, 
etc. In his view, limestone can be rapidly weathered on account 
of its conversion under suitable (or unsuitable) conditions into 
gypsum crystals which grow in certain positions and cause the 
raising up and flaking off of sections of the stone. He says: 

I have seen so many cases where, on examining the fresh surface of 
a piece of stone which has been broken off, crystals of calcium sulphate 
are visible in little white bunches on the surface that I have no hesi¬ 
tation in saying that this is the main cause of rapid stone decay under 
modern conditions. 

... It is not merely the volume change but the persistent growth of 
the crystals in certain layers or pockets which ultimately breaks up the 
stone. 

Sandstones, he finds, are not exempt from this drawback since 
they are secured in position by layers of calcium-containing 
mortar. SO 3 is necessary, too, but this is a common atmospheric 
by-product of modern civilization. An example of decayed con¬ 
dition inside Lincoln Cathedral he attributes to the fumes of 
stoves used to heat the building during the Middle Ages. Among 
other protective devices he recommends the treating of the sur¬ 
face with silicon ester. The so-called “percrystallisation” of 
Fells and Firth (27) seems to be identical in nature to these 
phenomena. They dried silica gels precipitated from sodium 
silicate solutions by hydrochloric and other acids without wash¬ 
ing out the soluble sodium salt formed and found that the sur¬ 
face became coated with a growth of narrow fibers. Fibrous 
NaCl is elongated on a cube axis, and in this case each fiber 
contains an elongated cavity and bubble. They quote fibrous 
growth as evidence of a capillary structure in the gel. 

A common phenomenon in the preparation of crystals from 
solution is that of “creeping,” where a cake or crust of solid 
material gradually extends up the walls of the container and 
spreads over and downwards, being limited only by the quan¬ 
tity of solution available. At first sight, the explanation would 
appear to be identical, and in fact we are constrained to appeal 
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to the same forces of capillarity and surface tension, but there 
is the difference between fibrous growths of gypsum or salt from 
clay and creeping solids that the solution is used up at the bases 
of the crystal fibers in the former case and goes to the top in 
the latter. Washburn (28, 29) worked on the creeping of crys¬ 
tals of various salts enclosed in various containers. BaCU, 
NaNOa, KNO 3 , CUSO 4 * SHoO, and KaCraOT were all found to creep 
over glass walls, as did naphthalene in alcohol or benzene and 
sulphur in CS 2 . He also found solutions which crept when ves¬ 
sels of silver, gold, platinum, or porcelain were used. His view 
is that, in addition to crystals forming on the bottom or at the 
top of a solution, they also form in the area of the meniscus of 
contact of the solution and wall of vessel. These crystals, even 
when they extend all around the vessel in the form of a crust, are 
not in strict contact with the walls but leave capillary spaces 
through which solution is drawn to the upper surfaces of the crys¬ 
tals, and growth continues apace. When the crust reaches the 
top, growth continues down the outer wall, and there may then 
be the additional help of some syphoning effect. Oil and grease 
are not wetted by aqueous solutions, and they provide effective 
obstacles against it. Erlenmeyer (30) found that glycerin had 
a damping effect on the creeping powers of many salts, as did 
sugar and thymol, whereas urea impeded the creeping of NaCl 
solutions. Using glass rods of various sizes, he found that, for 
KCl and for K 4 FeCyo- 3 H 20 , the total height of creeping varied 
directly with the diameter of the tube. The influence of compo¬ 
sition on creeping is not certain, though salts have been placed 
in order of creeping power by Druce (31). 

Recently, Hazlehurst, Martin, and Brewer (32) have extended 
the work done by Washburn and others and come to more defi¬ 
nite, if partly opposing, conclusions. They maintain that capil¬ 
lary spaces between crystal and glass do not usually exist during 
the process of creeping: 

The present authors find that creeping does not start by the forma¬ 
tion of capillaries, although these undoubtedly contribute largely to the 
maintenance of vertical creeping. The prime factor in the production 
of creeping is the ability of the solid solute to wet preferentially the 
solid surface over which creeping takes place. 
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They find evidence of this firm contact in the nature of the 
optical reflection from the undersurface of a glass micro-slide 
on which a drop has been crystallizing and creeping has occurred. 
Regarding the actual start of creeping, they say: “Invariably, as 
far as the eye could detect, crystallisation began on the surface 
of the rod well below the surface of the solution before creeping 
was visible.” Describing the process in a drop of solution: 

The crystals first formed in the interior of the drop may be and fre¬ 
quently are drawn by the action of surface forces to the three-phase 
line where solution, glass and air meet. It often happens that crystals 
are formed near this line because the convex surface of the drop nearby 
promotes evaporation and so local supersaturation. The crystats now 
have the opportunity, if the interfacial tensions are of the proper mag¬ 
nitude, of wetting the glass preferentially, i.e. of coming into intimate 
or optical contact with it, no solution or solvent intervening. . . . The 
crystal will grow most rapidly in the direction away from the drop 
because crystallisation is most rapid in the thin film of solution cover¬ 
ing the outer edge of the crystal. ... It is highly probable that there 
are no capillary spaces beneath the outer crystals. The solution is ad¬ 
vancing over them, not through or under them. 

They also distinguish between “efflorescent” creeping, in which 
the crystals extend away from the supporting wall, and “mural” 
creeping, in which a firm contact with the walls is established. 
The latter is all-important in the continuation of creeping. 

A discussion on the relationships of crystal, solution, and an¬ 
other body (glass wall in creeping) was made earlier in a paper 
by Correns (33) whose theoretical views were commented upon 
favorably by Johnsen (34). He has recently restated his ideas 
before the Bristol Meeting of the Faraday Society (April 1949) 
(35). 

According to the Riecke principle (Riecke, Nachr. Ges. Wiss. 
Gottingen math.-phys. Klasse, 1894, p. 278), a crystal under 
linear pressure has a greater solubility or lower melting point 
than an unpressed one (i.e., a crystal under pressure will be in 
equilibrium with its “saturated” solution which will be super¬ 
saturated for an unpressed crystal). Correns acknowledges R. 
Becker’s assistance in the formulation of the following: The con¬ 
dition for equilibrium can be obtained by calculating in two 
different ways the amounts of work necessary to transform iso- 


476 PECULIARITIES OF CRYSTAL GROWTH 

thermally and reversibly a supersaturated solution (osmotic 
pressure j)) into a saturated solution (osmotic pressure Ps)- Ac¬ 
cording to the principle of maximum work, both are taken to be 
equal. 

(1) The crystal grows under a load B and is enlarged by a 

layer of thickness h which consists of n moles. The work gained 
is =: Bh. 

(2) A given quantity of supersaturated solution, containing 
n moles, is diluted until it has the osmotic pressure pg. The dilu¬ 
tion is performed reversibly (e.g., by using a piston only perme¬ 
able to the solution). The work gained is 


whence 


A 2 = nRT In — 

Vs 


Bh = nRT In — 

Vs 

If P is the pressure on the crystal and q the surface area under 
pressure, then B = Pq and qh is the volume of the deposited 
crystalline substance; by dividing by the number of moles n, the 
mole volume of the crystalline solid, v^oiidy is obtained. Thus we 
have 

^^aoiid = RT In — 

Vs 

If concentrations are used instead of osmotic pressures, we get 

C 

PvsoUd = RT In — 

The pressure which a growing crystal can exercise (e.g., by lift¬ 
ing a weight against gravity) depends upon the supersaturation. 
Curves drawn for various types of face depart from agreement 
with the above equation, and some other condition has to be sought. 
Correns finds this in the phase boundary surface energies (In Fig. 
140) a solid body, 3, is in contact with another solid, f, both of 
which are also in contact with a liquid, 2. When 3 is separated 
from i, work has to be done against the boundary surface energy, 
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and there will be two new solid-liquid surfaces against one solid- 
solid at first. If to is the size of the new surface, there disappears 
one surface w with tension 0 - 1 , 3 , and two new ones appear with 
tensions 0 - 1,2 and 0 - 2 , 3 * The work done is coo-i ,3 — coo-i ,2 — ^ 0 - 2,3 or 

A 

= O’!,3 — <^ 1,2 “ <^2,3 

CO 

If <^ 1.3 ^ 0 - 1,2 + 0 - 2 . 3 , tlien ^/co is zero or positive and work is 
gained if 3 is pulled away from £. This work corresponds with 
that which lifts the crystal, the lifting being regulated by the con¬ 
dition that o"i ,3 ^ 0 - 1,2 0 - 2 , 3 * 

In Becker and Day^s experi¬ 
ment (14), 1 and 3 were glass 
and alum, respectively. Thin 
sheets of muscovite were placed 
between alum and glass so that 
<n,3 corresponds with the ten¬ 
sion between mica and glass. It 
was then found that the lifting 

was so small as to be within the Fiu. 140. Contact of two crystals 
limits of experimental error, so an^l solution. (CoiTons.) 

that 0 - 1,3 was about equal to the 

sum of 0 - 1,3 and 0 - 2 . 3 . Preliminary experiments with “surface 
activators” such as propyl alcohol and benzoic acid appeared 
to increase the lifting of the crystals, but further work would be 
needed for complete verification of this. 

The findings of Correns were criticized later by Schubnikov 
who, while agreeing with his main contentions, found marked 
differences between the values of Correns and his own. Schub¬ 
nikov (36) used a bent glass rod, pulled out fine and terminated 
by a knob, as a spring to contact a growing alum crystal (Fig. 
141), any movement of the crystal surface and knob being 
projected onto a screen and measured there. A 2- or 3-liter 
flask A is filled with a solution providing a 2% or 3% supersatu¬ 
ration on cooling. It is covered by a glass B perforated twice to 
include the holding rod C and the spring device E. The crystal 
was held in the rubber stopper D, and the knob on E was of 1.54 
millimeters in diameter. After 67 hours’ growth, the alum sur- 
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face contacted the knob and began to exert a pressure (Fig. 
142). The maximum pressure was equivalent to 8 milligrams 
and occurred when the knob was embedded to just over half its . 
diameter (A, Fig. 142), and a vacuole was formed (D, Fig. 142) 
so that the sphere does not make complete contact with the 
crystal, ds is an element of the surface, crystal glass, at B. Let 
tlie pressure normal to this element be / ds, the component in 



Ficj. 141. Schubnikov’s arrangement Fig. 142. Contact of glass sphere and 

for measuring “growth pressure.” alum at maximum pressure. (Schub- 

nikov.) 


the .T direction being f ds cos (/, x). The work on the spherical 
layer composed of elements as ds will be 27ryf ds cos (/, x). The 
total work is then given by 


£ =ry/2l2 

•y cos (/, x) dx = 0.008 gram (38, eq. 1) 

=0 

If / is taken as independent of the direction, from the equation to 
the circle, y = a/— x^ and cos (/, x) = x/r; lastly 


so, from (1), 


ds = '\/dx^ + dy^ 



X dx = 0.008 
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whence, for radius r = 1.54/2, / = 0.89 gram per square centi¬ 
meter. This value is about one-fiftieth that calculated by Cor- 
rens. 

This difference is of less importance than the agreement on 
the nature of the crystallizing force, but the method is an in¬ 
genious one and was thought worthy of description. 

In Chapter 4 (Fig. 49) Johnsen^s scheme to represent the in¬ 
fluence of dissimilar velocities of growth in facilitating the swal¬ 
lowing up of one crystal by a larger one was discussed and his 
conditions given. It is obvious that one overriding condition was 
not mentioned, that of surface energy. When conditions are ap¬ 
propriate, Johnsen’s formulae may give some idea of the speed 
of engulfment, but, should tri.a > ai .2 + o' 2.3 hold for a pair of 
substances, then, evidently, lifting (i.e., repulsion) but no inclu¬ 
sion will occur. For the sandstones of Fontainebleau, obviously, 

*^(calcit€ silica) I® leSS than the sum of (^(calcite solution) ^(silica solution) • 

Contrarily, ^■(gypgyni clay) Is gieatei than the sum of (^(gypsum solution) 
and <r(ciay aoimion); so that growing gypsum crystals repel all clay 
particles and remain clear. This would appear to provide a ready 
explanation of the including and repelling of various substances 
during the growth of a crystal, and the vectorial character of crys¬ 
tal growth and its persistence when the supply of fluid is continu¬ 
ous, however attenuated, may account for the large range of phe¬ 
nomena which have come under review by the many authors who 
have studied this problem of “crystallization force” or “growth 
pressure.” 

Dendritic Growth 

One of the commonest modes of growth which crystals of 
every possible internal symmetry and chemical composition take 
up is that in which dendrites or tree-like formations are devel¬ 
oped. They are almost invariably the rule in metals, are com¬ 
mon in crystals grown from solution, melt, and vapor, and exist 
in almost endless variations which include also spherulites and 
spherical bodies reminiscent of the stones and calculi of pathology. 

AVe shall begin with the simplest type—the crystallization of 
a salt from an aqueous solution placed for view on a microscope 
slide. The description involves the much-discussed conception 
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of metastable and labile types of supersaturation. The first thing 
to be observed is the formation of needle-like or fibrous crusts 
at the periphery of the drop as the latter first becomes labile at 
these places (37). Once seeded, some of the crystals develop 
inwards, and, as this solution is only as yet metastable, uniform 
crystallization proceeds. At a later stage, the drop is wearing 
thin by evaporation and, because of the increase in concentra¬ 
tion due to the latter overtaking the slower depleting powers of 
metastable growth, the solution inside suddenly becomes labile. 
At certain spots where this occurs first, crystal apices jut into 
the labile liquid and rapid deposition takes place there, so that 
extension occurs in the direction of the outward-pushing point. 
The solutions from which material has been extracted which 
split and move to either side of the point are only metastable, 
and slow growth is experienced in the direction at right angles 
to the rapidly extending one. Some distance farther, a similar 
j^rocess is occurring, and we get a series of long, parallel needles 
advancing at rates appreciable to the eye, with gaps in between 
where practically nothing appears to be happening. But soon 
the sparse liquid between limbs becomes itself labile again, and 
the result is a succession of branchings from the main stems. 
Under optimum conditions, these primary branchings may bo 
followed by secondary branchings, as shown in Fig. 143. This 
description refers to the almost two-dimensional example of a 
fiat drop of solution. Similar to this is the frosting of windows, 
though the one concerns a solution and the other a melt. But it 
is just as common to find three-dimensional dendrites, and 
various explanations rather more involved than Miers’ simpli¬ 
fied picture have been advanced from time to time. 

There are large numbers of crystals, quite a large proportion 
of all crystals, in fact, which do not conform to the simpler rules 
of crystallography but exhibit many complicated features. They 
are crystalline in the sense that, if not all over, yet at certain 
places, especially the extremities, they are usually bounded by 
plane faces; so far as their physical properties can be ascer¬ 
tained, each small portion is similar to a good crystal, and they 
invariably give X-ray diffraction patterns. They are, in fact, 
crystals which have run riot under the peculiar conditions of 
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growth. There are many variations but all are grouped together 
loosely under the name of “dendrites. 

The existence of dendrites has been known for quite as long 
as that of the more uniform crystals. They are, for instance, 
mass-produced in myriads with every ground frost. Snowflakes, 



Fig. 143. Typical dendrite in two dimensions. 


too, are symmetrical dendrites and are often very pretty in 
their complexity of pattern. In crystallization practice, to come 
nearer home, it is in many cases difficult to avoid their produc¬ 
tion even when good, uniform polyhedral crystals are required. 
In spite of their widespread occurrence and of the ease with 
which they are formed, our knowledge of them, to date, has been 
woefully behindhand. We know that some chemical substances 
seem from their very nature to prefer a dendritic mode of sepa¬ 
ration (e.g., ammonium chloride). Furthermore certain details 
of the growth process may help their formation and development. 
Among these are speed of deposition, sublimation (for reasons 


! 
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see later), and the shape of the crystallizing medium (e.g., if 
layer-like). 

Among substances which seem to prefer dendritic growth are 
metals, but even here the tendency is more marked at the com¬ 
mencement of growth than later. For in the later stages den¬ 
dritic metal crystals often seem to get filled in, and the filling-in 



Plate 68 . Dendrites in a piece of cast antimony. 


process is inrlistingiiishable from the type of growth which pro¬ 
duces good uniform crystals. Bismuth shows less of a tendency 
than many metals to produce denrlrites, but even here the well- 
known “Greek-key” patterns are nothing if not dendritic. A 
large dendrite in cast antimony, the property of IVIanchcster 
University Metallurgy Department, is shown in Plate 68. 

Right from the start, we arc brought up against this feature 
of dendritic growth (viz., that it is most common in the earlier 
stages and that at a later stage ordinary uniform growth tends 
to supervene and the stark dendrites of the earlier period may 
fill in). A question therefore arises as to whether it is permis¬ 
sible to regard all crystals as fillefl-in dendrites. 
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If they were, the cores of all, even the best-formed crystals, 
would consist of filled-in feathery growths. Although from the 
evidence, as exemplified by the presence of inclusions in the 
centers of the crystals, we may consider it highly probable that 
many good specimens have been launched in this way (e.g., in 
Figs. 1476, 147c, and 147d), it would be premature, without 
further evidence, to assume that all crystals began likewise. 
These remarks apply to visible, or microscopically visible, den¬ 
drites. We do not know if, in the infinitely small fraction of 
time when a crystal nucleus is first forming, there may not be 
some dendritic configuration of chains of ions along certain pre¬ 
ferred directions, but such a structure on the atomic scale could 
hardly be called a dendrite, since it is quite feasible that in the 
next few short moments of time tiie whole would build up, plane 
by plane, into a solid nucleus, ^^’hen, however, a dendritic 
nucleus has persisted until it is of visible dimensions and then 
a change in growth conditions has caused more uniform deposi¬ 
tion, it may be too late to live down its parentage. In the more 
ideal cases, where the dendrite limbs are strictly parallel to 
some crystallographic direction, quite large globules of liquid 
may be included through the keying over of two adjacent den¬ 
drite limbs (Chapter 11). This apj^lies also to those cases where 
a dendrite has certain of its limbs related to the others by a 
twin operation and, certainly, the readiness with which twinning 
occurs during the formation of dendrites adds to the complexity 
of their appearance and structure. Yet the conditions leading 
to the one are highly favorable to the other, as has been pointed 
out by Buerger (38). In an article on the genesis of twin crys¬ 
tals, referring to one type (the growth twins) he suggests how, 
while in orderly slow growth there are surface configurations on 
which there is a maximum energy loss to the system and conse¬ 
quently tighter binding when a depositing particle (it may at 
times be a connected pair or grouping) arrives at such spots, 
there are usually alternative localities where the energy loss on 
deposition is less, but of the same order. In slow growth, inces¬ 
sant bombardment from the solute or solvent atoms, with the 
accompanying surface exchanges, will probably deal effectively 
with any intruder in one of these “second-best’' localities, but 
when, as in near-labile growth, there is some overcrowding, it 
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may frequently happen that, before the intruder is expelled, 
company, in the shape of several other atoms or groups, coordi¬ 
nate with it and the feature is now far more able to persist and 
form a permanent twin. Hence it is likely that a macroscopic 
twin has grown from the very minute twin first developed dur¬ 
ing early labile growth, and with quieter metastable conditions 
there is no further urge to repeat the twinning. But, as in this 
chapter we are more often dealing with labile or near-labile solu¬ 
tions than not, it is to be expected that twinning will occur with 
greater than average frequency. In the less ideal cases, which 
are perhaps commoner, loss of parallelism between limbs must 
be added to tlie al)ove possibility of included mother liquor. 
Slight disturbances may cause fracture of the delicate limbs, and 
these will then lean at some (possibly slight) angle to the rest. 
The large crystal grown as a result of deposition on such a 
bruised dendrite will show different portions in nearly, but not 
quite, parallel positions. 

Sometimes “dendrites” with very poor alignment are encount¬ 
ered, and it is quite possible that here the different limbs have 
never been related in the strict crystallographic sense that those 
just described have. A possible explanation of these is that they 
have started life as needles or prisms floating on a solution or 
melt, and these have been attracted together and have formed 
a near-parallel cluster somewhat like a group of logs floating 
on water. An experiment will readily show that some of the 
later arrivals to the cluster may not be able to align themselves 
in any position closer than several degrees to the main axis of 
the cluster (Chapter 7, Plate 21). Potassium perchlorate, grown 
in the presence of many different dyes, shows this kind of rough 
dendritic growth. The fact that most solutions supersaturate 
before crystallizing favors the idea that the earliest nucleus will 
be of dendritic nature, but when we speak of a crystal being a 
filled-in dendrite we are surely thinking of one in which the 
original dendrite bears a sizable relationship to the finished 
crystal. The first slight labile shower of nuclei may only con¬ 
sist of minute crystals, of the same order of size as those whose 
solubility is approximately that of the macro-crystal (i.e., some¬ 
thing bigger than 1 micron). And even at such small dimen- 
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sions. examined with a high-power microscope, crystals often 
show no trace of dendritic ancestry. 

V 

Though it may be regarded as established that rapid dejx)- 
sition. such as may pt)ssibly Ijc the fate of all crystallizations in 
the early stages, favors dendritic growths, it is by no means 



Platk 69. Dendrite of potash ahirn, grown with Metanil Yellow (Colour 

Index No. 138). X®- 

certain, in fact the evidence seems rather to the contrary, that 
rapid growth always produces them on any visible scale. The 
question whether all crystals are filled-in dendrites therefore 
resolves itself into an examination of wiiat exactly is meant by 
the latter term. Even dendritic crystals may be the starting 
point for good crystals, as often some of the tiendrite limbs 
thicken up considerably at their ends and yield beautiful, if 
incompletely developed, specimens. In Plate 69 all the dendrite 
limbs have thickened up to polyhedral hal)it. 
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Causes of Dendrite Formation 

Dendrites may be formed from cooling melts or vapors where 
there is only one component present, or from solutions where 
there are two or more. Actually, the former cases might be 
expected to offer the easier explanation, though the conditions 
are more difficult to control than they usually are with those 
involved in the crystallization of a solution. Obviously the 
number of components is not of great formative influence. Per¬ 
haps the only difference between, say, a single-component melt 
and a solution is that in the former, the melt, on solidifying, 
occupies nearly the same volume and so there will be a tendency 
for the dendrites to fill in. Even the included mother liquor, 
here the melt, will solidify and leave little or no trace except on 
account of the concentration of impurities in the boundary layers. 
In a solution, since a large proportion of it is non-crystalline 
under the particular experimental conditions, there will be a 
greater tendency to preserve the original dendrite outline of the 
crystallizing component. 

The shape of the mass of liquid is important. A shallow layer 
is subjected to a relatively high rate of cooling for its bulk and 
so should favor branched growth. In an evaporating drop, for 
instance, quite apart from cooling, rapid surface evaporation of 
the solvent will bring about labile conditions, also facilitating 
branched growths [e.g., Ba(N 03)2 or the alums, on a microscope 
slide] ; on the other hand, the occurrence, by stirring, of strong 
currents or of concentration currents will militate against their 
formation. Thus on any crystal surface some spot may be 
favored by a stronger concentration than its neighbors. A 
needle will develop at this point and the apex will be in the 
stronger solution, while the sides will remain in contact with 
the depleted solution and so will only grow at the rate proper 
to a slightly oversaturated (metastable) solution. Stirring will, 
by equalizing the concentration everywhere, tend to prevent 
needle development. 

The part played by surface tension has also to be decided. 
Papapetrou (see later) appears to have made out a case for 
surface energy modifying a dendrite by redissolving its thinner 
limbs and allowing the resulting slight increase in supersatu- 
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ration to be relieved on the thicker ones. This is actually only 
a special result of the already noted increased solubility of 
minute crystals due to increased surface energy. What the part 
I)layed by surface energy in such differences as are recorded 
between the polyhedrally bounded dendrites (e.g., Fig. 84) and 
the rounded-limb dendrites of NH4CI is cannot be decided with- 



Plate 70. “Hedgehog” dendrite of KCIO 4 , grown with Azoeosin G (Colour 

Index No. 114). XO. 

out a comparison of their respective surface energies and their 
cohesive properties. The solution itself may be highly modi¬ 
fied (viscosity, surface tension, etc.) by the addition of certain 
impurities. Hence it may happen that the properties of the 
boundary layer separating crystal and mother li(|Uor are exten- 
siveh^ altered, and it is here, where the whole of the crystal’s 
life history is enacted, that all the individual vagaries of the 
crystal are to be traced. As an example of this modifying effect 
on a growing crystal by the addition of an impurity, we may 
cite KCIO 4 , a crystal whose inner structure resembles that of 
barytes and whose habit is also very similar, ({ 001 } predomi¬ 
nant, with {110}, {102}, {011}). From pure solutions, KCIO 4 
is, as a rule, very well-behaved, and specimens are readily grown 
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which respond to the highest optical tests of perfection in yield¬ 
ing Haidinger interference fringes in monochromatic light. But 
quite a minute trace of certain impurities will modify this seem¬ 
ingly perfect behavior (Plates 70 and 18a). Thus the addition 
of only 0.00005 to 0.0005 gram (per gram of KCIO 4 ) of such 
dyes as Indian Yellow (Colour Index No. 146), Brilliant Congo 
R (No. 456), Trypan Red (No. 438), or Acid Brown R (No. 175) 
will cause it to crystallize in the form of fragile dendrites, with 
{ 001 } obliterated and { 102 } or { 011 } predominant as the case 
may be. With some of the dyes, smaller concentrations will 
yield { 011 } dendrites and larger concentrations will yield { 102 } 
dendrites. Yet there is no natural tendency for the pure crystals 
to run to the dendritic type. The viscosity of the solution is 
not appreciably modified. Nor, in this particular concentration, 
does the surface tension itself appear to have any influence. It 
is, then, something specific between the dye (or series of dyes 
all with vaguely related chemical molecules, since there are 
about 600 of them) and the crystal surface. Maybe it is related 
to the tendency of these dyes, in solution, to produce particles 
of colloidal dimensions, though this is not to explain the exact 
mechanism, which is as yet unknown. Other crystals (e.g., 
KCIO 3 ) are often made to grow in this branching manner by 


n 



Fig. 144. Surface elements of 
a growing crystal. (Vogel.) 


the presence, not of any dye, but of 
certain well-known “colloidal’' dyes 
such as Congo Red. 

Theories of Dendrite Formation 

One of the earliest attempts to find 
an explanation of dendrite formation 
was made by Vogel (39). Starting 
with one-component systems (e.g., 
melts), he adopted the view that the 
heat of solidification would affect 
fiiffcrent parts of a crystal to a dif¬ 


ferent extent. In a cube, for example, where a layer of thick¬ 


ness a separates from a surrounding layer of a thickness n (Fig. 
144), different amounts of heat will be conveyed through the 
crystal boundary at different points on the cube. The heat 
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liberated by the deposition of a small cube of edge a on the 
extreme corner of the cube can escape into the sui roundings, 
say, into a volume of melt n^; the same volume on a cube 
edge, will take up the heat liberated by the deposition of n/ci 


cubes (always >1), and in a cube face, 
away from edge or corner, the same vol¬ 
ume of outer melt will have to accom¬ 
modate the latent heat of n'/a- cubes. 
This is shown in Fig. 144 where n is ar¬ 
bitrarily taken as equal to 4a (this value 
has no other significance than that of an 
illustration). Hence the ratios of liber¬ 
ated heat going into a cube element on 
the corner, edge, or face during growth 
will be l:n/a:n^/a". It is obvious in any 
case that (1) the liberated heat will es¬ 
cape more readily on the cube corner 
than on the edge and much more so 
than on the face, and (2) that further 
growth will be impossible if much of the 
latent heat accumulates where it is liber¬ 
ated. In this connection, a high value of 
heat conductivity will facilitate the re¬ 
moval of heat and tend to annul this 
spatial anisotropy, and the converse will 
Ripply to a low conductivity. There will 
thus be a tendency for growth to be 
stimulated at corners and, to a lesser 
extent, at edges, and this may easily re¬ 
sult in the formation of dendrites, espe¬ 



cially if there is low heat conductivity 
(Fig. 145). Vogel shows how, after the 
minimum size of cube which will always 
grow regularly has been reached, the size 
of which will depend upon heat conduc¬ 
tion and dimensions of latent heat, further growth will occur on 
the corners and will sink to a minimum value approaching zero at 
the face centers. Rapidity of growth will facilitate the accumu¬ 
lation of heat at certain points and so render dendrites more likely. 


Fig. 145. Accumula¬ 
tion of heat of solid¬ 
ification related to 
dendrite formation. 

(Vogel.) 
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Hence, to summarize Vogel so far, dendritic growth is stimu¬ 
lated by (a) anisotropy of the crystal shape, (b) low heat con¬ 
ductivity, (c) high value of latent heat, (d) rapidity of deposi¬ 
tion, (e) facility for spontaneous crystal formation, (/) viscosity, 
ig) impurities. 

In sublimation, Vogel points out, there should be a greater 
tendency to dendrite formation, since the heat of solidification 
is much greater, taking the place of the more normal heats of 
fusion and heats of condensation combined. The poor heat con¬ 
ductivity of the gas phase, too, should help in dendrite forma¬ 
tion, but the extreme mobility of gas currents which are likely 
to be set up would act in the opposite sense (i.e., as a heat dis¬ 
tributor). In a more recent work (40), Papapetrou points out 
that the formation of dendrites cannot be explained on the 
Kossel or Stranski model alone, but only if, allowing these or 
similar tlieories to hold for any given element of surface, we 
bring to their assistance the diffusion relationships built up by 
Berthoud, Valeton, and Friedel (Chapter 5). Papapetrou dem¬ 
onstrates this point by the successive stages in the formation of 
a polyhedral or plane-surfaced dendrite, say of rock salt. In 
the beginning, we have the minute cube, which is followed by 
one with pointed extensions at the four corners (x, Fig. 146, top 
left). Then, in the second stage, the four pointed extensions 
have, by a change in the direction and speed of growth, become 
four small but plane cubes seated on the corners of the original 
cube (Fig. 146, top right and bottom). Each small cube then 
proceeds along the same lines (i.e., via the pointed extensions) 
to develop more cubes. If these crystallizations are taking place 
in the confined space of a drop spread into nearly two-dimen¬ 
sional shape, only four such extensions will be possible, the 
upper and lower ones practically fusing together, but, where the 
space is less restricted, favorable conditions being assumed, all 
eight will be formed on a three-dimensional model, following the 
directions of the three-fold axes of the cube. On the other hand, 
in certain cases studied by R. Vogel (Fig. 145) the sprouting 
occurs in the direction (both ways) of one single cube axis (of 
four-fold symmetry), with the formation of elongated dendrites 
with the limbs sticking out like the steeples of a church. The 
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feature of Papapetrou’s argument is that the pointed extensions 
to the solid cube can be fit into the Kossel or the Stranski models, 
since these stipulate an increased activity at corners and edges 
as compared with face-central regions, when substances like 
rock salt are under consideration. Then, too, in the elimination 
of the sides of the pointed extensions at the cube corners, and 
the formation therefrom of new cube faces, there is no difficulty, 
since the sides of the extensions are faces of high indices and 
would disappear naturally during normal growth. But if we 
depend on the Kossel or the 
Stranski model alone, it is im¬ 
possible to account for the pres¬ 
ence of so many re-entrant 
angles in the dendrite. For 
there ought to be an overpow¬ 
ering urge to build up such 
places (e.g., positions A in Fig. 

146) which represent, on this 
theory, regions of great activ¬ 
ity. However, there is prac¬ 
tically no growth here; all of it 
is centered around such places 
as B (Fig. 146). (This obser¬ 
vation was noted previously by 
Vogel.) Hence it would ap¬ 
pear impossible to explain den¬ 
drites on the mechanical theories unless allowance is made for 
the influence of diffusion. Apparently, when the conditions are 
ripe for dendrites to be formed, diffusion alone plays a much- 
enhanced role (far superior, in fact, to the surface-arranging 
factors which are taken as all-important in the Kossel and the 
Stranski theories). The observations of Papapetrou also show 
that, if a plane is inclined to one of the very important crystal 
faces, it is less stable when the angle is fairly big (up to 15®) 
than when it is only a fraction of a degree. Vicinal faces, so 
called, are more stable than those faces whose angular deviation 
is sufficient to identify them with lattice planes of fairly low in¬ 
dices, for the latter [e.g., (610), (533)] are simply planes of 
rapid “normal” growth so that they quickly extinguish them- 
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selves. The sides of the wedge-shaped extensions to the cube 
corners are of this character. 

Papapetrou describes the initial stages of the formation of a 
rounded dendrite of the NH4CI type. Here, too, the processes 
are similar and not explicable on the Kossel-Stranski theory, 
though the diffusion theory is again helpful. 

The same author (40) has also endeavored to place on a 
theoretical basis the branching formation of dendritic structure 
(i.e., formation of side shoots), the spacing out of these along 
the main stem and their mutual influence during growth, and 
the later development of secondary side-shoots. For the fullest 
details, reference should be made to the paper itself. He first 
of all outlines a number of equations (38, eqs. 3a, 36', 36") which 
are essentially of the character of the diffusion equations already 
dealt with in Chapter 5. Thus, Papapetrou’s equation 36, 

dC 

D — = k(C - Co) 

dn 

resembles a simplified version of the Berthoud expression. In 
Papapetrou’s work, Co has the usual significance (viz., the satura¬ 
tion concentration) but his C has been described earlier (Chapter 5) 
as Cl (i.e., the actual concentration in contact with the crystal 
surface), whereas he uses for the more usual C 2 , the concen¬ 
tration obtaining throughout the vast bulk of the solution, diffu¬ 
sion actually taking place between C 2 and Ci, while supersatura¬ 
tions are measured as the difference between the latter and Co 
(herein between or C and Co), ky the reaction velocity at the 
crystal surface depends upon the effective supersaturation and 
upon the normal direction n. Again (Papapetrou’s equation 36") 

vp = k(C — Co) 

Vy however, in accordance with the Kossel-Stranski view, consists 
of components Vt (tangential to the surface) and Vn (normal to it), 
with Vt much greater than A lessening of the diffusion coeffi¬ 

cient D tends to lower Vt and but Vt much more so in proportion, 
hence the production of rounded surfaces (tangential growth would 
give crisply defined planes). Where the surface reaction velocity 
k is infinitely great, the value k/D is indefinitely large and there is 
a form of growth dependent purely upon diffusion. Whence 
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(from Papapetrou^s equation 36) 0 = (C — Co) or C = Cq. (This 
simply means that, where the surface reaction is infinitely rapid, 
there cannot prevail, at the surface of the crystal, any concentra¬ 
tion other than Co, that of plain saturation). As the process is 
purely a diffusion process, the crystal surface must coincide with 
an equipotential surface, in this case a rotation paraboloid. As, 
however, k is never infinitely great, some modification of this idea 
is required. He next assumes k/D to have some finite but constant 
value independent of supersaturation. Then the surface concen¬ 
tration C is different from Co and varies along the crystal surface, 
having a maximum, Ca, at the apex and diminishing, with a tend¬ 
ency to approximate Co farther along the crystal from A, the 
apex. The form of the equipotential surface remains the same, 
but there is a displacement along the axis. This is regarded as 
accounting for the known fact of prismatic or acicular growth, 
the first and foremost necessity in the formation of dendrites. It 
should be noted that in his argument he assumes k/D to have a 
value independent of supersaturation, whereas in the development 
of his equations 36, etc., he assumes k to vary with the supersatura¬ 
tion, the latter assumption being nearer the truth (Chapter 5). 
This part of Papapetrou’s work is an effort to place on a quantita¬ 
tive footing the long-accepted and qualitative explanation of why 
crystals grow as bunches of needles, say, when viewed in a drop 
under a projecting microscope (compare Miers). 

He next discusses the breadth of the needles in relation to their 
surroundings. He assumes the surface reaction velocity k to be 
of importance in directions not too close to the needle axis. Near 
the needle axis, there is an increase to fc -j- dk. The effect of sur¬ 
face tension is to increase the saturation concentration Cq around 
places of high curvature, such as in the immediate neighborhood of 
the needle apex A. This increase, dCo, is inversely proportional 
to the radius r. With both effects, a constant form is possible 
which satisfies 



(Ca - Co) dk 
k dk 


(40, eq. 4) 


As a first approximation, dk/k is independent of supersaturation 
and Ca — Co will increase linearly with — Cq (i.e., total super- 
saturation). Then, again, the curvature of the crystal point (i.e., 
which is inversely proportional to r) increases with the supersatura- 
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tion. In exploring the influence of the quantity k/D on the nee¬ 
dle thickness, he shows that an increase in value of this (e.g., by 
diminishing Z), the diffusion constant of the solution) tends to the 
formation of thinner needles. This is borne out by experimental 
evidence (e.g., the addition of gelatin, which lowers the diffusion 
constant of solutions, also tends to yield narrower needles). Just 
as increased supersaturation causes narrower needles, so lower 
supersaturation renders needle formation more difficult, and there 
is, according to Papapetrou, a first critical super saturation below 
which needles will not form. This he labels — Co)i with a 
corresponding “apex” supersaturation of (Ca — Co)i, The defln- 
ing of a limiting value such as (C^ — Co)i is no easy matter. He 
states that, even with such a concentration, the apex concentration 
may not reach {Ca — C'o)! but may do so in certain favorable cir¬ 
cumstances. Apparently the latter concentration is the important 
one, but it seems a little muddling, possibly inevitable from the 
difficult nature of the problem, to speak of a critical concentration 
where a certain process shoukl but does not invariably happen. 

Just as there is a first critical supersaturation for the formation 
of needle growth at all, so there is a second critical supersaturation 
which conditions the formation of side branches, this being 
(Cao — Co)u. But, if it is not always possible to define an exact 
relationship between {C^ — Co)i and the really important value 
{Ca — C^)}i, which rules the formation of needle crystals, it would 
seem to be even more difficult to connect the general or “bulk” 
supersaturation, here given as {C^ — Co)ii, with the areas of the 
needle where some critical value is to obtain in order that side 
branches may arise. For now there will be long needles jutting 
out in various ways through the solution, and the journey from a 
region of concentration C^ to that on the side of a needle may be 
long and devious. However, while the earlier reasoning of Papape¬ 
trou was founded on a constant value fc, changing to k dk in 
only one place (i.e., the crystal apex A), he now considers what is 
more likely to approach to the truth (viz., the case where k can 


have several maxima; e.g., those corresponding to the three rec¬ 
tangular axes in a cube). Thus there are slight increases in the 
value of the surface reaction k to k dk in these three directions, 
one of which is assumed to have developed into an embryo needle. 
This value, k + dk is potentially the value of strips running the 
whole length of the needle, but there are points A/, Mi, etc., where 
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things actually happen. As a point M recedes from A, the apex, 
the surface supersaturation decreases rapidly and {Ca — Co)i > 
{Cm “ Cq), When the first critical supersaturation is replaced 
by the second, the point of the needle becomes finer and branchings 
begin, but not on the old thicker stem, formed when the super- 
saturation was less than {C^ — Co)ii. For the incipient branch¬ 
ings must be formed in the neighborhood of the apex when this is 
very thin. Later, when the needle is thick, the surface is approxi¬ 
mately plane, surface tension plays no part, and a higher value 
than (Coo “ Co)ii would be required. Once started, side branches 
grow into the surroundings at regular intervals. These are so 
thin at the start that they are affected by the slightest changes in 
concentration. Should one of them be held up, by some cause 
however small, its neighbors grow, using up the available super¬ 
saturation, and as a rule the narrow, less fortunate branch is re¬ 
dissolved. For example, Papapetrou has, on counting up parallel 
limbs at early and later stages of development, found about one 
fifth of the original minute secondary branchings surviving at the 
end. The most complex problem in dendrite formation is that 
of the mutual interaction of secondary branchings. Just as a main 
stem can produce a large number of parallel side branches, so each 
side branch can, under sufficient stimulus, produce secondary 
branches. But now the problem of mutual interference between 
dendrite portions becomes acute, since the secondary branchings 
soon begin to come into the neighborhood of side branches (say 
primary branches) and even of other secondary branches. Other¬ 
wise there seems no reason to suppose that secondaiy sprouting 
conforms to different rules than primary. The presence of these 
disturbing influences renders the theoretical treatment difficult, 
and some of his simplifying assumptions admittedly will not hold 
water. For instance, he has to neglect the influence of the primary 
branch on the growing secondary branch and attribute the whole 
exterior influence to that of the adjacent Tnain stem. 

The tips of secondary dendrite branches should, on his reckon¬ 
ing, lie on a curve, and some of his photographs admirably show 
this feature, but almost as many do not. However, Papapetrou's 
paper is one of the most serious contributions yet to what is 
possibly the most elusive of crystal-growth problems. Perhaps 
his main contribution is his modification of the earlier and 
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simpler “Miers” picture, already quoted. For now the branch¬ 
ings must be regarded as potentially in existence at the nose 
when it is very thin and advancing rapidly. The potential spots 
are capable later of further development, whereas other areas 
of the extended stem will be incapable of spontaneously provid¬ 
ing new spots for side-branch growth. 

It will be seen that the problem of dendrite formation yields 
an excellent example of how impossible it is to have one single 
theoretical viewpoint, sufficient to cover all events in the life 
of a crystal. Diffusion is in most cases a very important factor 
which is extremely susceptible not only to the condition of the 
solution or melt but also to environment (e.g., the presence of 
other objects and the shape of the concentration-current chan¬ 
nels, etc.). At extremely high rates of stirring, it is probable 
that the speed of surface packing is all-important (Kossel, etc.). 
A very simple illustration will show how important diffusion 
may become in quiescent solutions. The writer on one occa¬ 
sion (41) averaged out, for several alum crystals grown at 
about 30°C, the normal distances for the faces present (viz., 
{Ill}, (100 ), and (110 )) and, assuming the growth velocities 
to be proportional to these values, obtained ViuiViio^^^ioo = 
1.0:1.15:1.20. In a work of Spangenberg’s (12) with well-agi¬ 
tated solutions, his corresponding values were Viii:t'iio.*^ioo = 
1:4.4:6.3. If a diffusion factor of about 20 is added to the 
latter figures and the whole set reduced so that Vm = 1, we 
get Viii'.Vno’.Vioo = 1.0:1.16:1.20, identical to the first quoted. 
Whatever the significance of the value 20, it is evidently con¬ 
nected with the lack of stirring and therefore with the relative 
importance of diffusion in the writer’s experiment. 

It has already been mentioned that crystals which normally 
grow in a regular manner can be induced to form dendrites when 
suitable impurities are added before growth begins. Potassium 
dihydrogen phosphate is an extreme example of this character. 
Its common habit is that of a tetragonal prism, usually slightly 
flattened on one pair of faces and terminated with bipyramids 
(in reality, equally developed tetrahedra). Traces of a large 
number of dyes or a few drops of a ferric chloride solution cause 
the crystals to develop as dendrites with long, parallel, narrow 
limbs (Plate 71). What may constitute an intermediate stage 
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between a good crystal and a complex dendrite is shown in 
Plate 72, where KCIO 4 crystals are exhibiting branching from 
a common center (or neigliborhood, as often no center in the 
strict geometrical sense exists). The crystals themselves are 
fairly stout, yield good images on the goniometer, and are elon¬ 
gated on the Y axis with {100} and {102} well developed. The 
planes of separation of the limbs meeting near the center are 



Plate 71. Dendrite of KH 0 PO 4 ; various impurities, dyes, FcCla, etc. 

probably not always those of low indices and perhaps more often 
than not a {hkl) plane of the one limb is in contact with a 
ipqr) plane of another. Sometimes twinning on such planes as 
(144) (KCIO4 with Bordeaux B) and (121) (with Azoeosin G) 
have been picked out, but these may be the simpler cases. 

The question whether a dendritic development in the very 
early stages of growth is a necessary feature of it is not easily 
answered. The difference is between, say, an early dendrite 
extending to fill an appreciable proportion of the volume of 
the crystal and the relatively huge empty spaces being filled in 
later—more or less perfectly—or, as an alternative, the crystal 
growing from a more uniform kernel in a succession of discrete 
steps possibly microscopic or submicroscopic, but often in stages 
visible to low-power magnification. Each step forward would 
be in an identical direction with those of the principal limbs 



498 


PECULIARITIES OF CRYSTAL GROWTH 


of the dendrite when such is present, but at each elementary 
stage of growth all the planes would fill in before the next step 
forward took place. Such a process might only with difficulty 
he distinguished from the one assuming the early dendrite. 
Some excellent growth formations are obtainable with acid 



Plate 72. KCIO 4 ; fiist stages of brandling; eaeh limb consists of a good 
crystal. (Impurity is Bordeaux B, Colour Index No. 88 .) X2- 

potassium oxalate. When grown in the presence of Neutral 
Red (5 to 0.02), an appearance similar to that sketched in 
Fig. 147a is obtained. In the writer's view, this is an example 
where it is not necessary to assume a dendrite beginning but 
systematic growth by discrete layers. There is no habit change 
oV note here. In Figs. 1476, 147c, and 147d, however, all of the 
same substance, there is an associated habit change in each case 
and little doubt that each has built itself upon a dendriUc skele¬ 
ton which is readily seen. From these it seems possible that 
the impurity has influenced the habit not so much by hindering 
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Fig. 147. (a) Inclusion traces in acid potassium oxalate, grown with Neu¬ 
tral Red (Colour Index No. 825). (6) Filled -in dendrite of acid potassium 
oxalate with Acridine Orange NO (Colour Index No. 788). (c, d) Filled- 

in dendrite of acid potassium oxalate with Orseilline BB (Colour Index No. 
284). {e, /) Filled-in dendrite of acid potassium oxalate, with Brilliant 

Azurine B (Colour Index No. 511). 
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face growth as by influencing the choice of preference in the 
dendrite limbs. Thus, in Fig. 1476, the main stem is [001] or 
the Z axis; the primary branchings are parallel to zone axis 
[012] [i.e., the trace of (001) and (021) ]; the secondary branch¬ 
ings are in the third dimension, parallel to the X axis, but they 
are almost non-existent, the crystals being thin flats on {100}. 
In Fig. 147c, Z is again the direction of the main stem but now 
primary branchings are parallel to [010], the Y axis, and not 
[012] (Fig. 147d). The secondary branchings are just as 
important as the primary and are parallel to X, They are not 
visible from the point of view of the figure, the crystal being 
tilted backwards somewhat. Figure 147/ shows a {100} cleav¬ 
age section on a crystal developed in a different manner, elon¬ 
gated on the A'^ axis and bounded by {021} and {100} (Fig. 
147c). The main stem cannot be seen, but we know that it 
extends from behind to the front portions of the crystal through 
the middle. The primary branching is then [001] = Z and is 
shown as the vertical bar in the middle of the section. The 
secondary branchings are seen again as parallel to [012]. In 
each case, the relative importance of the dendrite limbs and 
branchings seems to bear a significant relationship to the habit. 
The relationship of the better type of filled-in dendrites to the 
idea of lineages developed by Buerger seems fairly close. Fig¬ 
ure 148a shows the hopper on the underside of a crystal of 
NH4CIO4, grown with Solochrome Green NS (Colour Index No. 
98); Fig. 1486 is a lineage-like assemblage of parallel acid po¬ 
tassium tartrate crystals. 

Dendritic structures can be found with degrees of complexity 
ranging from those with practically parallel limbs, so that re¬ 
flections of images of a slit from one of their finely subdivided 
faces are true to a minute of arc, down to the hedgehog den¬ 
drites which it is difficult to reconcile with any geometrical re¬ 
lationship of the parts. There are many other aspects of growth 
where deviation from the normal mode takes up interesting 
forms. Some of these are of a repetitive character and are called 
spherulites. Plate 73 is such a spherulite of Rochelle salt de¬ 
veloped after a solution was poured out of a beaker and the 
thin film left to crystallize. In this case, the rings of small crys¬ 
tallites appear to be concentric, though many cases are known 
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where a helicoidal character appears rather than concentric 
rings. The former would be allied to a growth process which 
occurred in discrete stages; in the latter type some continuity of 



(b) 


Fio. 148. (a) Trace of lineage on underside of NH 4 CIO 4 crystal, (fe) 

Parallel accumulation of ciystal units in acid potassium tartrate. 

tlie process would need to be assumed. With the concentric-ring 
types, it would not appear necessary to assume for their existence 
any other principles than are usually associated with the meta¬ 
stable and labile conditions. The growth of an inner ring depletes 
the fluid around it so that a metastable condition of slow growth 
ensues. Shortly, at approximately equal distances away from 
the inner ring, a ring of labile material forms and, so, a further 
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flcvclopnicnt of crystals. The process often continues for several 
rings. Although the more clear-cut examples are usually found 
with near-two-dimensional types, this is not at all necessary, 
and Hedges and Alyers (42) report examples (e.g., benzoic acid 
crystallized from a mixture of equal volumes of alcohol and 
sidphuric acid) where the spherulites are built up in concentric 



Pl.atk 73. Sphcrulifo of Rochollo salt formed at the bottom of a beaker 

after tlie solution is poured out. "XWz. 

sj)herical plieaths like the layers of an onion cut horizontally 
across the middle. Layers reached the comparatively larpje 
thickness of 1 centimeter, and these were alternations of closely 
packed crystals of benzoic acid with sjiaces containing mostly 
solution and bridged over by a sufficient number of crystals to 
give some rigidity to the whole structure. 

The formation of periodic structures from colloids has been 
further studied by Hedges (43) who, in a subsequent paper, dis¬ 
tinguished between the actual chemical reaction which produced 
the material for tlie periodic deposition and the actual deposi¬ 
tion itself. It is found that very dilute solutions of AgNO.^ and 
K 2 Cr 207 do not form a precipitate when mixed in gelatin solu¬ 
tion but that the compound is protected by the latter. This is 
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colloidal Ag 2 Cro 07 and can be precipitated later in rings by 
adding an excess of AgNO;, solution and allowing it to diffuse 
through it. In some cases, the bands were found to be of a 
spiral character, thus resembling the helicuidal ones sometimes 
found in a shallow system. Similar effects were observed witii 
Pblo in agar and AlgCOH)^ in gelatin. Good examples of spiral 
rings derived from various sources are given in A. van Hook’s 
article (pp, 513-518 of Jerome Alexander’s Colloid Chemistry^ 
Vol. 5, Reinhold). Hedges also finds a very uneven distribution 
of the materials between the bands and the spaces [e.g., in the 
AIg(OH )2 system there was twelve times as much in the bands 
as in the clear spaces]. He has a word to say about the heli- 
coidal formations. He says (p. 2725, loc. cit.): 

In another experiment, equal volumes of 2% agar and 5% magne¬ 
sium chloride were mixed in a test tube and allowed to set; when 
ammonia {d = 0.880) diffused in, a spiral structure of magnesium hy¬ 
droxide was formed. It was observed that spiral precipitation was not 
caused directly by helicoid diffusion, but that layers of precipitate 
reaching half-way across the test tube were formed alternately on op¬ 
posite sides and at different levels; later, these joined to form a spiral. 
When the bands became more than about 1 cm apart, they no longer 
joined up. This effect may be caused by temperature difference due to 
the exposure of one side of the tube to a draught. 

Whatever the cause, it appears obvious that similar conditions 
must hold for the “Spherolites a enroulement helicoi'dal” of 
Gaubert, Wallerant and others (44-47). According to these 
authors, some connection exists between the formation of such 
bodies and the holoaxial symmetry of some components, occur¬ 
ring either as an impurity or as a decomposition product, or 
deliberately added before crystallization. Popoff (48), how¬ 
ever, considers that the arrangement of the orientated portions 
of spherulites is only a consequence of their common dependence 
upon an original central seed. In an earlier review of the topic, 
particularly as it applies to minerals, Cross (49) states that, in 
his own experience, a spherulite whose branches all started from 
one common center was never observed. He also considers that, 
in magmas, some local change in the area of a future spher¬ 
ulite causes a colloidal substance of approximately the same 
composition to develop just prior to the start of the spherulite. 
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It would appear to the writer that, whereas spherulites of the 
type sliown in Plate 73 and consisting of a pure substance grown 
from solution are possible and perhaps to be explained on purely 
physical grounds, such as a periodic change in the concentra¬ 
tion of the surrounding solution, others, although needing the 
latter factor, will also require other features, such as the pres- 



Platb 74. Spherical growths of KCl grown in the presence of PhClj. X4- 

once of impurities, especially those which can form a solid solu¬ 
tion or an orientated film with the main substance. The work 
of Bradley (50) appears to show that orientating forces can be 
transferred from an outer layer of a crystal through film thick¬ 
nesses up to 1 micron, the forces steadily losing their orientating 
powers as the surface is receded from. This may be one of the 
more important influences in enabling the new crystals, which 
are presumably acicular in outline, to take up a near-parallel 
orientation. A succession of these, each displaced through a 
slight angle, would soon make up one of the typical rosettes. 
If we allow twinning on planes of second-rank importance [e.g., 
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of (121) and (144)] besides the more customary simpler twin¬ 
ning on such planes as (110) or (111) and assume this to be 
possible, with some distortion, through adhering films of impur¬ 
ity, then it might be possible to see how such complex aggre- 



Fio. 149. KCIO 4 ; macro-dome {102} sectioning due to impurity. 

gates can be built up. Plate 74 shows practically spherical 
aggregates of octahedra of KCl which have been grown in the 
presence of PbClo (about 1 part in 200). The component crys¬ 
tallites appear to be jumbled together at all angles. Fusion of 



Fia. 150. KCIO 4 ; macro-dome built up internally of silky threads. 

two or more spheres often occurs, as may be seen. There is no 
apparent periodicity, at least with the regularity of the spherul- 
ite of Plate 73 or in relation to the production of Liesegang 
rings, to be found in this case. 




506 


PECULIARITIES OF CRYSTAL GROWTH 


The effects of stronger doses of impurities which show habit¬ 
modifying power on the shapes and surface features of growing 
crystals will now be considered, as many drastic changes can be 
brought about by such means, whether dendrites or spherulite 
formations liappen to form at the same time or not. Extreme 
cases of dendrite formation are those shown in Figs. 149 and 



Pr.ATic 75. Outer rim of KCIO 3 erv.^tnl eonneotofl by an excccdinjjly tliin 

{001} film. X4. 

150. both of KCIO 4 crystals. (It should be rci 7 iemhered that 

* « 

KC’I ()4 grows from pure solution as small clear tablets with the 
same habit as the tabular kinds of l)arytes.) In Fig. 149. two 
impurities appear to be [)ul]ing away from each other fviz., 
A\'ool Scarlet R (Colour Index Xo. 2841 0.009 to 2 grams of 
salt, and Indian Yellow G (Xo. 146) 0.003 to same). The {102} 
prisms (macro-domes) are built up of i)iles of slices of which 
one is shown. Figure 150 shows a similar macro-dome on {102} 
which consisted of narrow fibers which gave the whole a silky 
ai)pearance and could be teased apart with a fine point as shown. 
The impurities in this case are, to 2 grams of KCIO 4 . 0.007 gram 
of A\'ool Scarlet R and 0.005 gram of Alizarin Red S (Xo. 1034). 
An occasional feature growth with certain irni)urities is that 
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the crystal forms a ring or empty structure wliich may not he 
comi)letely tilleci in at tlie en<l of tlic growth p(*ri()(i. or only 




( 6 ) 

Plate 76. (a) “Empt y-sheir’ type of jirowth; XU iC'IO.i-{OI 1}; note seal¬ 

ing. (6) Section || (110) cleavage of crystal in Plate 76*/; nof(' hollow 

center. X8. 

indifferently so. An exami>lc of the latter was reported when 
KC10;j grew in the presence of K 2 ^InO| (Plate 75) (511. The 
ring formation seems to have started on. say, the edge 110-001, 
then continued on the edge 110-001. and hy two further stages 
built up a strong frame to whicli, subsequently, an exceedingly 
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thin layer, parallel to the basal pinacoid, is attached; it shows 
colors down to Newton’s first order. Of course, it is possible 
that in this example the film grew first and thickened around 



Fig. 151. Annular growth of KCIO 4 . 


the edges without itself adding much to its thickness, but in some 
other examples this could not be the sequence of events. In 



Fig. 152. Limb of a single crystal dendrite of KCIO 4 (see Plate 18a). 


Plates 76a and 766, NH4CIO4 crystals, in the presence of a 
strong concentration of impurity, have developed an outer shell 
following the contours of {Oil}. The imperfect sealing together 
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of the joint as the framework comes together is seen in Plate 
76a and runs along roughly parallel to the A" axis. Plate 765 is 
a cross section of it; the hollow interior is plainly seen. It was 
at first filled with saturated solution. Another type of annular 
structure, one of many different kinds, is found with KCIO4 
crystals (2 grams) grown in the presence of 0.015 gram each of 
Methyl Orange and Orange R (Colour Index Nos. 142 and 161). 
It is shown in Fig. 151. The rough-looking plane of the ring is 



Fig. 153. (a) Quinoline Yellow and (b) Methyl Orange (Colour Index 

Nos. 801 and 142. respectively). 


parallel to {010}, which never appears as a face on the crystal. 
A plate showing a “single-crystal dendrite” of KCIO4 has 
already been included (Plate 18a). Figure 152 is a rough sketch 
of one of the component limbs, with some indication of the repe¬ 
tition of planes leading to branching. It is derived from KCIO4 
when grown in the presence of Quinoline YTllow (Colour Index 
No. 801). Another interesting and related formation is shown 
in Figs. 153a and 1535, where Methyl Orange is added as well 
as Quinoline Yellow. The curved character of the (Oil) planes 
in all these is noticeable. In all cases, {102} was very smooth, 
even when stepped. Growth often occurs abnormally so that, 
through development of certain faces of a given form and the 
relative suppression of other members of the same form, the 
whole assemblage is drawn out along some unusual zone axis. 
Where the elongated zone axis happens to be a main axis of the 
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system, explanations after Miers (ends in labile solution, sides 
in metastable solution) or Gaubert (ends facing concentration 
currents! may have some usefulness. Plate 77 shows a magni¬ 
fied version of a crystal “door mat” of square needles. They 
are potash alum, grown in modified habit (octahedron to cubic) 
by the dye Colour Index No. 138, here Metanil Yellow YKS 



Plate 77. Potash alum with Metanil Yellow YKS. X8. 

(I.C.I.), but are very much elongated on one of the cube axes. 
But some of the elongated crystals are more complex than this. 
Figure 154 shows the scheme for a KCIO4 crystal elongated^on 
[Oil] through the development of (Oil) and (Oil) while (Oil) 
and (Oil I are suppressed. It will be seen that the four faces of 
the form {110} are more or less correctly developed. But per¬ 
haps the prize specimen in this direction is supplied by the ex¬ 
ample of KCIO4 (2 grams) with concentrated Wool Scarlet R 
(0.04 gram). The “prism” indicated in Fig. 155 is built_up of 
two faces (102) and (T02) out of a possible four, and (011) and 
(OTl), also out of a possible four. It is not easy to see how 
such combinations are enticed out of solution, but if such are 











COMPLEX GROWTH 


511 


possible it is not a long throw from 
these to the most complex forma¬ 
tions ever found. 

Other examples of this dispro¬ 
portionate enhancement of cer¬ 
tain faces out of a form are given 
by Gaubert (52). He noted that 
when ^Methylene Blue was added 
in excess to a lead nitrate solution, 
so that solid dye was suspended in 
it, the crystals grew as thin lamel¬ 
lae on a parallel pair of {111} 
faces; they were criss-crossed by 
twinned portions subject to the 
usual laws. When rosolic acifl was 
similarly suspended, the lead ni¬ 
trate crystals grew elongated on a 
cube axis, consisting of four cube 
faces forming a prism and the 
total tetragonal-bipyrainidal in 



Fig. 154. KCIO 4 , elongated on 

zone axis (OilJ. 


habit. Similar bipyramidal crystals of KI were obtained and 


described by Rosicky (53). They consisted of the six cube 



Fig, 155. KCIO 4 “prism” consisting of (102), (102), (Oil), (Oil), 

faces ((piite subordinate) and eight of the possible twenty-four 
faces of the form {223}. !Miers {Mineralogy, 2nd ed., 1929, 
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Macmillan, p. 377) also mentions that iron pyrites from French 
C'reek, Pennsylvania, often assumed a bipyramidal form due to 



78. Potnsli nlurn crystal jnown siispondocl 
solution goIatiniz('(l by Double Brilliant Scarlet G 

X6. 


from the surface of a 
(Colour Index No. 193). 



Pl.atk 79. Lamellar growth on {010} of K^CraOr; side view. 

the development of eight faces (of the possible twenty-four) of 

{332}. . . 

Sometimes a feature is developed by an impurity which is 

more due to some modification of the physical conditions of 
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growth than to molecular interference at the surface. Two sim¬ 
ple examples probably of this character are shown in Plates 78 
and 79. Plate 78 shows alum crystals grown in the presence of 
Double Brilliant Scarlet G (Colour Index No. 193). The solu¬ 
tion gelatinizes on ct)oling and the crystals grow from the top. 
The hopper face is very deeply stej^ped, while the surfaces in 
contact with the solution have {110} easily predominant. There 



Plate 80. KCIO 4 grown with Brilliant Croeein 9B (Colour Index No. 313); 
curvature is occasioned by succession of tilted straight portions. X 8 . 

is some doubt about whether the periodicity of a high-class den¬ 
drite induced by a dye in the solution is occasioned by modifica¬ 
tion of physical properties or is more intimate in nature; Plate 79 
illustrates a kind of periodicity latent in pure KoCivO? crystals 
but often brought out by impurities (viz., the parallel deposi¬ 
tion of layers). There is no evidence that these are all equal, 
but they are at times very narrow. The specimen photographed 
was about V 2 millimeter across (500 microns), and the photo¬ 
graph is about 47 millimeters measured normally to the stria- 
tions. As the narrower layers are not much more than 0.1 milli¬ 
meter in the photograph, they are of an order of thickness not 
much greater than 1 micron. 
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An important feature of many growth formations is the curva¬ 
ture of their parts. The saddle-shaped crystals of many dolo¬ 
mites is quoted in all the textbooks of mineralogy. Twisted 
crystals of stibnite are also common. The writer has frequently 
come across them in researches involving impurities; typical 



Plate 81. NH|C!Ot jirown with Erioviriflino B (Colour Indox No. 667); 

apparently a real curvature. X15. 

pictures are shown in Plates 80. 81, and 82. In Plate 80, the 
curvature is unreal and is simulated by the progressive tilting 
of straight prisms joined end to end. Plate 81 shows a truly 
curved set of prisms. Any straight portion here must be very 
short, and it is doubtful if these are obtained by quite the same 
sequence of events as produced those in Plate 80. Plate 82 is 
interesting in that the curving process in any one needle has 
allowed the needles on either side of it to grow on parallel curves. 
It is also remarkable how, with the perchlorates, Quinoline 
Yellow appears to produce curvature of the crystals. Again, 
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K 2 Cro 07 crystals often grow as long, flat, curled crystals in the 
presence of certain dye impurities (e.g., Resorcine Y'ellow, Colour 
Index No. 148) (Fig. 156). Spencer (54) has written an in- 



Plate 82. KClO-i witli Methyl Orange and Quinoline Yellow: curved, 

parallel-limbed dendrites. 


structive review of the problem of curvature in crystals. One 
suggestion is that the curvature may be due to yielding along 
glide i)lanes or to secondary twinning under pressure. Such a 
possibility, while existing 
among minerals, is ruled out 
in the writer^s examples, 
above. Spencer regards the 
dolomite curves as produced 
by the progressive change in 
angle induced in the 
small component crystallites 
through changes in composition brought about by solid solution. 
This is perhaps one of the more important ways in which curva¬ 
ture can occur. But the curvature brought about by the presence 



Fig. 156. Curved leaflet of KoCi^O?, 
grown with Resorcine Yellow (Colour 

Index No. 148). 
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of large dye molecules on such salts as KCIO4 cannot be accom¬ 
plished in this manner. Although frequently included in the 
crystals as shown by hourglass and allied formations, the effect on 
the spacings (i.e., on the external angles) is infinitesimally small. 
If the original narrow dendrite limbs were in some way bent as 
they first grew, the subsequent deposition would bring about the 
curved thicker limbs, as the distortion due to curvature would be 
spread out in a molecular manner. This, however, only substi¬ 
tutes one unknown factor for another one, though the bending of a 
very narrow crystal limb is rather easier to imagine than that of a 
thick crystal. Again, where we have irregular dendrite branch¬ 
ing, there will be numerous pockets of metastable solution 
trapped between criss-crossing branches, and it is possible that, 
over a given area of dendrite limb, there will be a metastable 
condition of minimal growth on one side and perhaps rapid 
labile-conditioned growth on tlie other. Is it possible for the 
two concentrations to possess sufficient differences in surface ten¬ 
sion to the thin solid between them to exert pressure enough to 
result in curvature. Although the crystals of Plates 81 and 82 
Iiave been described as truly curved, in contradistinction to 
those of Plate 80, it may be only a matter of length of the 
straight unit portions. In a narrow crystal, if two straight units 
were forced out of alignment to the extent of only a few mole¬ 
cules, the gap would be rapidly bridged and healed and the 
repetition of this would produce an apparently true curve. 

The problem of curvature of crystals is not entirely bound 
up with curvature of individual faces, since the latter are often 
found on straight crystals. By curved “faces'^ we mean those 
which are the result of the growth process, for it is common 
knowledge that all “faces” are found to be curved after a period 
of dissolution. It was due to the latter feature of the dissolu¬ 
tion process that it was customary to regard all curved faces as 
due to, say, some oscillation between growth and solution, so 
that the rounding due to the latter process was not blotted out 
by such growth as had occurred subsequently. But many crys¬ 
tals occur with curved faces so often, or have their true lattice 
planes replaced by a succession of rounded hillocks, that it seems 
likely that such rounded features as these may be the result of 
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the actual conditions at the groiving surface. The {021} form 
of K 2 SO 4 crystals is almost invariably of this character. Berg¬ 
strom (55) reports the presence of curved faces on phthalic acid. 
The set-up is shown in Fig. 157, where m, (llO), and q, {Oil}, 
are plane while p, the positions for { 212 }, are replaced by curved 
faces as shown. Often the existence of curved faces is bound up 
with the presence of impurity in the solution. An impuritj^ does 
not always have this effect, however, 
since the { 010 } planes which are repro¬ 
duced on K 2 SO 4 or K 2 Cr 04 crystals 
through the agency of many dissolved 
dye impurities are usualh^ l^lane to the 
liigiiest degree of mechanical perfection. 

A glance at Figs. 152 and 153 shows how 
the { 011 } planes of KCIO 4 are quickly 
rci)laced by curved faces in the presence 
of many dyes. The usual habit of acid 
ix)tassium tartrate crystals can be seen 
at a glance from Fig. 1486, although this 
shows a coarse lineage growth. When 
this and potash alum are growing simul¬ 
taneously from the same solution, the 
tartrate crystals resemble tiny, trans¬ 
parent flour sacks (56). They are apparently made up of curved 
replacements of the bisphenoid, { 111 }, with, sometimes, a nar¬ 
row {010} pinacoid which is quite plane (Plate 83). Other 
examples which can be called immediately to mind are the { 001 } 
“plane” of KNO;t induced by Nigrosine (water-soluble, Colour 
Index Iso. 865) (57) and the (010) plane of borax, strongly 
enhanced by the cupric ion (58). It has frequently been sug¬ 
gested that curved faces are the limiting case of a succession of 
vicinal faces which replace a true lattice plane. If the curved 
faces of the acid potassium tartrate example just mentioned are 
a succession of vicinal faces, these cannot all be “vicinal” to the 
same lattice plane, since tangents to one portion of a curved 
face and to another portion as far as possible from it must often 
be of the order of 30°. However, it does not seem inopportune 

at this stap to review the position with regard to vicinal faces 
and what is known of them. 





on plithalic aeid. (Borg- 
strom.) 
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Observations on crystals bear out the view that by far the 
greater part of all these are separated from their mother liquor 
(or from outer space! by planes whose indices are small (on the 
simpler habits, rarely exceeding l!. On a well-faceted KaSO^ 
crystal, {021} and (130) are the most complex forms; on the 



Plate 83. Curved faces on acid potassium tartrate crystals grown in the 

presence of potash alum. (Buckley.) X3. 

KCI 04 -BaS 04 group of crystals, {102} is usually the most com¬ 
plex, with {122} occasional on KAIn 04 . A\diere faces with 
greater indices than this occur, except in trigonal and hexagonal 
notations which render the incidence of one bigger index of 
frequent occurrence, it is often suggested that re-solution has 
taken a part in the prorluction. Another factor which may be 
of influence during the growth of crystals is the presence of im¬ 
purities in the liquid. In this event, rather more complex faces 
may be found. 
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The “cubes” of lead nitrate grown in the presence of Methyl¬ 
ene Blue were found to consist of an oscillatory repetition of 
the faces of the form {410} so that a true cube angle was never 
noticed. Plate 84 is an example of this (59l. With l>arium ni¬ 
trate, the oscillatory rei)etition was again in evidence but with 


a “flatter” pyritohedron (810). 
The real cube, (100), was here 
often present and so, too. the 
form (16.1.0}. These two pyr- 
itohedra, together with the 
{410} of lead nitrate, were in- 
(luced to aj^pear, l^y whatever 
l)rocess, by the presence of the 
dye, Methylene Blue. 

A similar case, that of {076} 
and accompanying [hkl] facets 
replacing {011} of a KCIO4 
crystal, has already been de¬ 
scribed (Plate 7) (60). Miers 
(64) rej^orts the presence of the 
low four-faced cube {32.1.0} 
whose adjacent facets subtend 
an angle of 3° 32'. Another ex¬ 
ample is that shown in Plate 
15, with vicinal six-sided hill¬ 
ocks composed of four {hkl} 
faces and two {hkO} faces (il¬ 
luminated). These, too. were 
induced to grow on a “cube” 



Plate 84. “Cube” face of load ni¬ 
trate grown with Methylene Blue 
(Colour Index No. f)22) showing os¬ 
cillatory repetition of (401) and (401). 

(Buckley.) XG. 


face of potash alum by an impurity. In cases where the indices 


are not high (e.g., the {410} of lead nitrate and the {810} of 
barium nitrate), especially when the results are reproducible, one 
might be allowed to include them among ordinary crvstal faces. 
As the indices get higher, it is obvious that a variation within 
experimental limits may take us from one set of indices to an¬ 
other one of slightly differing proportions. Furthermore, when 
we arrive at this state of things, the values themselves are not 
reproducible, so that it is perhaps useless to refer the faces to 
indices as though they were ordinary crystal faces. They may. 
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even so, possess a smoothness and uniformity equal to the best 
faces ever seen on a crystal, or they may be rounded, striated, 
dull, or irregular. It is, perhaps, the former types which have 
led, or misled, some earlier workers to consider them to be true 
lattice planes of low indices which have been dislodged from 
their correct positions by cataclysms due to cooling, cold-work, 
or other distorting influences. This was apparently first advo¬ 
cated by Scacchi (61), though according to a recent paper by 
Schubnikov (62), many leading authorities (e.g., Federov, Wey- 
berg, and Anscheles) adopted much the same viewpoint. The 
association of these vicinal faces with distortion was due to the 
early observation that cubic crystals such as barium and lead 
nitrates and the alums, all of which were subject to vicinal re¬ 
placements, usually showed optical anomalies. However, this 
prop to an early view of the cause of vicinal faces is no longer 
valid, since their occurrence has been found to be exceedingly 
common, even on crystals which show no optical anomalies or 
other evidence of distortion. 

Another view, that of Mallard (63), held they were due to the 
twinning of the crystals on which they appeared, but this would 
make the twinning process far more prevalent than it is known 
to be at present. Even triclinic crystals would be required to 
consist of several twinned-crystal portions. This view of their 
cause paints a far too complicated picture of the growth of a 
crystal and is unsupported by other evidence by which twin¬ 
ning in crystals can be tested. The view most widely adopted 
today is that of Aliers (64), who regards the presence of vicinal 
faces as part of the normal growth of crystals. The planes 
themselves are those of very low reticular density at some slight 
angle to an important lattice plane of atoms. While the atoms 
or ions of the depositing substance do so through these planes 
of low indices, once they are seated in position and have got 
built over, they find themselves in strict alignment on the 
important lattice plane but crop out at the vicinal angle onto 
the surface plane. In this view he is supported by G. AVulff (4) 
and recently by Schubnikov (62) and by Kalb (68-70) and his 
pupils. The latter have published a large number of works on 
mineral surfaces, principally in the Zeitschrift fur Kristallo- 
graphie of the 1920’s and 1930's, and these are superbly illus- 
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trated by photographs. The writer selected one of these, a thesis 
by Moers (67) as typical of them all. The views expressed by 
Miers are fully substantiated. 

For his purposes, Miers started with crystals whose theo¬ 
retical angles were calculable (e.g., the cubic alums or NaClOs) 
and originated the idea of studying their reflecting surfaces while 
suspended in the mother liquor and actually growing. As the 
movements of a vicinal face’s reflection image were not always 
confined to the zone represented by the goniometer movement, 
Miers devised a special “Ramsden” type of eyepiece which had 
a cross-wire capable of a rotation and a traverse so that all 
possible movements of the image could be followed. Thus, when 
there was a group of related images, as in the case of the three 
from each member of the low triakis-octahedron replacing a 
true octahedron face of potash alum, he could find the mean 
position of the images and, assuming that all three were of 
identical type (e.g., if one were at 6% minutes to the octahedron, 
the other two would be), the position of the true lattice plane 
would coincide with this mean position. He found this assump¬ 
tion approximately true for the replacement on a single face of 
the crystal, but a face around the crystal edge or corner might 
have an appreciably different value. He also occasionally found 
an octahedron face of alum with two sets of triakis-octahedral 
replacements, and in this case the two values differed, the lower 
set having closer positions to the true lattice plane. This also 
was found for two faces at different dejffhs in the solution, the 
lower one having the “flatter” vicinal faces. Miers noted that 
although when, as in Fig. 158a, the three replacements on a 
(111) face of potash alum were equal, the three images, a, 
and y, were alike (for measurement they are to be maneuvered 
into a position similar to Fig. 1586), in many cases one of the 
vicinal faces would push the others aside and occasionally even 
eliminate the other pair (Fig. 159). In this case, the face might 
be represented by a solitary bright image which would none the 
less yield a false value for the lattice plane it was taken to 
represent. His view was that rapid growth tended to yield 
bigger deviations. With regard to the validity of assigning 
indices to vicinal planes, one of his examples was that of a 
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plane situated at an angle of 6'7" to the true (111) position. 
He calculated that the indices for such a plane would be 
(251.251.250) and considered that this particular plane would 
be better represented by its angular relationships to the neigh¬ 
boring lattice plane. He considered that the planes had rational 




Fig. 158. (n) (111) of alum 

replaced by throe low vicinal 
faces. (b) Goniometer 
image from (a). 



Fig. 159. One vicinal plane 
in process of eliminating 
the others. 


indices, however, differing in this respect from the views of 
Hintze (65), who first originated the idea of describing them by 
their angular deviations. Miers observed the behavior of many 
vicinal faces during growth, and these did not move from one 
place to another in a continuous movement, but one would 
begin to diminish in intensity while another one, perhaps a new 
one, would grow brighter. Finally, the one would disappear and 
there would be another vicinal plane in a different position. 
This per saltum replacement of vicinal faces was taken by 
Miers to strengthen the view that the indices, however high, 
are rational. 
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In a later paper, using the same instrument as Vliers, Hedges 
( 66 ) made further observations on vicinal faces which in the 
main corroborated Miers’ views. He noted that, with NaC10;j 
the vicinal faces approached the true cube angle as growth 
became very slow. The movement of the images was also found 
to be per saltum in the case of NaClOa and NH 4 H 2 PO 4 ; how¬ 
ever, with Epsom salt and with Rochelle salt in particular, 
images were at times seen to travel across the field in a con¬ 
tinuous manner at rates of from 5' to 10' per second. He says: 

The most usual form in which the movement was manifested was 
when two bright faces occurred on the crystal close together; there was 
often a continuous migration of less bright but perfectly definite im¬ 
ages from one to the other, the rate being of the order of one every 
few seconds. In some instances, an image was observed to leave a 
relatively fixed face, move out some distance and then return. The 
latter fact seems to remove any doubt as to whether the movements 
may be a spurious effect due to the optical deflection of an image by 
currents of varying refractive index. 

These observations of Hedges would reintroduce the possibility 
of some, at least, of the vicinal faces lacking rationality. Schub- 
nikow and Brunowsky (62) have also studied the relationship of 
vicinal faces to the true lattice plane. They use various meth¬ 
ods: geometrical; reflection of light; X-ray beams; and tliey 
conclude that good vicinal faces are undoubtedly plane and that 
they are not the true atom or ion planes, since X-ray reflections 
come from the latter jdanes which are shown not to coincide with 
the superficial surfaces. They leave quite open the question of 
whether they have rational indices or not. The work of Kalb 
and his pupils paid special attention to the relationship of vicinal 
surfaces to crystal symmetry and found this to be very close 
(67-70). Miers, of course, assumed this when he worked out the 
correct positions for {111} on potash alum. Every vicinal face 
occurs in one main crystal zon^ (e.g., those around a cube face) 
will be in the [ 001 ], [ 010 ], [ 011 ] or similar zones, but because 
they possess very high indices, if any, it is out of the question 
for one of them to occur in more than one common zone. Any 
face which is at the junction of two zones, therefore, cannot be 
a vicinal plane but must have low indices. In Figs. 160a and 
1606 are depicted two intersecting zones, made up of vicinal 
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faces, crossing in the one case at right angles and in the other 
diagonally. In either case, it would be in order if we assumed 
that some true crystal plane of low indices were at the junction 
of the two zones. One of the main difficulties in goniometry 
occurs in such cases as orthorhombic and monoclinic crystals 
where a true plane may be replaced by one vicinal plane, or 
more, on the one side or the other side, or on both sides of the 
true position and we have nothing to indicate what type it is. 



Fig. 160. in) Two zones of vicinal images intersecting in a true lattice 
plane, ih) Two zones of vicinal images intersecting diagonally. 


An average of all the vicinal faces does not then necessarily 
yield our desired true position for the lattice plane, and we do 
not know whether the resultant angle is too big or too little. 

Regarding the reason for vicinal faces, we are still in doubt. 
G. Wulff (4) tried to trace their formation to concentration cur¬ 
rents, but Miers found that they occurred not only on crystals 
which had grown quiescent on the bottom of a vessel but also 
on those attached to the vanes of a mechanical stirrer. He con¬ 
sidered them to be due to the fact that, on deposition, much 
solvent material has to escape and this can best occur on faces 
of low reticular density where there will be large spaces avail¬ 
able for it to do so. 

Miers also found that the early “prerosion” figures of incipient 
dissolution were also vicinal, as were many of the internal facets 
of etch pits. On an octahedron face of alum, the prerosion fig¬ 
ures occur in the opposite sense to the growth vicinals. The 
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latter are triakis-octahedral, so tliat prerosion figures will be 
icositetrahedral. 

An able summary of early views on vicinal faces since 1858 is 
given by Gaubert (71) in wliich, however, the important con¬ 
clusions of Miers receive little attention, as his paper was prob¬ 
ably on press when Aliers’ work was published. 

It would seem that the chief potential importance of vicinal 
faces lies in the fact that in very many cases, possibly in a 
majority, the crystal reaches the stable lattice structure beneath 
through their agency, so that they may possibly have some 
important part to play in the growth of crystals. In recent 
years, the idea has steadily gained ground that a crystal surface 
grows by tlie successive deposition of layers, one quickly forming 

s n ^ 1 1 very difficult for a crystal 

bounded by faces with low indices to grow at all, and one way 
out of the impasse is that layers parallel to one of these impor¬ 
tant lattice planes (which will not grow of its own accord by 
deposition of particles normal to it) extend rapidly across the 
surface by virtue of their end faces which are related to the main 
surface somewhat like a cliff or a terrace. If one layer followed 
another at comparatively long intervals, the resulting crystal 
surface would be strictly parallel to the underlying lattice plane. 
But, if layer were to succeed layer in very rapid succession, the 
interval between one layer and the next following behind and 
upon it might be so small that it would bear a relationship to 
the depth of the layers themselves. Our succession of steps 
would, if below optical resolution, become a plane whose incli¬ 
nation depended upon only two factors—depth of advancing 
layer and speed of spreading across the surface of the cliffs or 
terraces, and neither of them rational to the system of axes of 
the crystal itself (i.e., a vicinal face). As yet, the main prac¬ 
tical importance of vicinal faces lies in their power to detract 
from the usefulness of goniometrical measurements. It is diffi¬ 
cult to believe that twinning could occur by means of so attenu¬ 
ated a structure as vicinal faces are bound to possess, so that 
the building up of complex growth formations by this means 
seems to be ruled out. As long as we acknowledge the possi¬ 
bility, in certain limited circumstances, of growth by the adhe¬ 
sion together of discrete crystal blocks or units of, say, up to a 
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large fraction of a millimeter in extent (Anscheles, etc.), it 
should not be impossible for two such blocks, which ought to 
lie, say, on a cube or octahedron face, to be in contact on one 
vicinal face of each, and a bending from the true axial position 
of up to a degree might be a consequence. More of this and it 
will be possible to understand the kind of near-parallel aggre¬ 
gates which masquerade as single crystals. Figure 161a shows 



W (a) 

Fig. 161. Two cases of small crystal units coalescing through contact 
across vicinal faces: {a) with minimum departure from parallelism; (6) 

with maximum departure from parallelism. 

two such blocks where, if the vicinal angles are identical in the 
two cases, parallelism of the axes will result. As the vicinal 
planes will not usually be identical, a minute deviation (up to 
several minutes of arc) may be expected for this case. In Fig. 
1616, the consequences of blocks building with addition of the 
angles of deviation are seen. In this case, the departure from 
parallelism is far greater. Both cases are drawn greatly exag¬ 
gerated to show the idea better. With the “vicinaP' faces as 
far from the lattice planes underneath as is shown in the 
sketches, it is unlikely that union of the blocks will be achieved. 
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APPENDIX 

HaLit M^odificataoiu ami c rystals 

as a Eesiuilil; of tLe Presence of Impiiaritaes 

The following is a list of most of the well-attested examples 
of the changes in outward appearance of crystals brought about 
by the deliberate addition of impurity to the mother liquor. 
Many more examples have been omitted where the emphasis has 
been laid on the systematic inclusion of impurity and where 
otherwise little information has been given regarding modifica¬ 
tion of habit. Where many authors have been concerned with 
the same habit change, as a rule only the first in the field has 
been mentioned, though later discoveries modifying the original 
description have usually also been recorded. The relative quan¬ 
tities needed to produce the result described have been appended 
where possible; for example, 1:500 indicates one part of im¬ 
purity to 500 of the substance in the liquid from which crystals 
of the habit described have separated. 

ACIDS AND ACID SALTS 

Boric Acid. Grown with permanganate, the “bipyramids’' are 
enlarged at the expense of the prisms, the crystals being larger 
and having a gypsum-like appearance. (H. E. Buckley; un¬ 
published.) 

Glycine; Amino-acetic Acid. Ordinary habit may be short 
needles on the X axis. Long needles on X, through predomi¬ 
nance of {Oil}, are developed with Trypan Red (Colour Index 
No. 438) at 1:200; Brilliant Benzo Blue 6B (No. 518) at 1:100; 
same with Chromotrope 2B (No. 45), Orseilline BB (No. 284), 

and many others; with Helvetia Blue (No. 706) needle-like 
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growth is completely extinguished. (H. E. Buckley, unpub- 
lislied.) 

Hippuric Acid; Benzoyl-glycine. Usual habit is acicular on 
Z axis, with {110} predominant and (101} > {011} at ends. 
With 1; 100 Neutral Red (Colour Index No. 825) or 1:200 Rubine 
(No. 677) the needles have {100} » {110}; with Trypan Red 
(No. 438), IVIetanil ’Vellow (No. 138), and other sulphonate dyes, 
tlie Z-axis elongation is obliterated, uniform crystals resulting 
(i.e., enhancement of {101} and {011}). (H. E. Buckley, un- 

published.) 

Meconic Acid, iMcconic acid is usually tabular on {100} with 
narrow terminal lacets. The crystals are elongated along the 
/j axis by St. Denis Red (Colour Index No. 604), Biebrich Scar¬ 
let (No. 280), arul some other dyes, but along the Y axis by 
Methylene Blue (No. 922), Bismarck Brown (No. 331), Bril¬ 
liant Green (No. 662), IMethyl Violet (No. 680). (P. Gaubert, 

Vompt. rend., 1910, 151, 1134-1136.) 

Phthalic Acid. Methylene blue has some effect in increasing 
the importance of (Oil), while Malachite Green has a similar 
influence on (212); diphenylamine enlarges both of these to 
such an extent that they encroach on and finally obliterate the 
usually predominant {010}. (P. Gaubert, Compt. rend., 1906, 

142, 219-221.) Thin plates on {010} are produced by means of 
Cleve’s acid (a-naphthylaminc-6 or 7-sulphonate), Bismarck 
Brown (Colour Index No. 331), Magenta (No. 677), etc. (H. 

E. Buckley, unpublished.) 

Uric Acid. These crystals are microscopic. A concentration 
of 1 or 2 parts in 10,000 solution of Fuchsin (Colour Index No. 
677) will cause elongation on the Y axis; similar concentrations 
of Neutral Red (No. 825), Methylene Blue (No. 922), Safranine 
(No. 841), or Bismarck Brown (No. 331), cause elongation on 
the X axis. (P. Gaubert, Compt. rend., 1936, 202, 1192-1194.) 

Acid Ammonium Tartrate, NH 4 H(C^H 40 g). Elongation of 
X axis, due to further predominance of {010} and associated 
brachydomes, is induced by many dyes; for example, sulphonates 
such as Brilliant Azurine B (Colour Index No. 511), Orseilline 
BB (No. 284), Acid Brown R (No. 175), Orange R (No. 161), 
Chlorazol Fast Orange D (No. 621), etc.; also by basic dyes 
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like Chrj'-soidine (No. 20), Chrysoidine RE (No. 21) (both at 
1:200), and Acridine Orange NO (No. 188) (at 1:800). (H. E. 

Buckley, unpublished.) 

Acid Potassium Tartrate, KH(C 4 H 40 ,j). In general, this salt 
is like the ammonium salt. The {010} faces, usually predomi¬ 
nant, are further enhanced by a number of dyes fe.g.. Colour 
Index No. 511 (at 1:2500), No. 621 (above) (at 1:1000), Trypan 
Red (No. 438) (at 1:2000)], and some basic dyes [e.g., Bismarck 
Brown (No. 331) (at 1:500), Neutral Red (No. 8251 (at 1:1000)]. 
(H. E. Buckley, in part, in Mem. Proc. Manchester Lit. ct* Phil. 
Soc.y 1939, 83, 31-62.) The bisphenoid (111) is considerably 
enhanced by the presence of the cupric ion, sometimes to the 
exclusion of all other faces (above ref., p. 44). A similar effect 
on the bisjilienoid of ammonium acitl tartrate is masked by the 
elongation on the A” axis. 

Acid Potassium Oxalate, KH(COO )2 (anhydrous). The usual 
habit is one with ( 100 }, { 010 }, { 001 }, and { 021 } all fairly uni¬ 
formly developed. The effect of Acridine Orange NO (Colour 
Index No. 788) and some similar dyes is to cause tablets on 
{100} to form (Fig. 1476). These often have surface undula¬ 
tions due to the presence of {110} (this at about 1:500). With 
sulphonate dyes, { 021 } and { 100 } are often simultaneously 
affected; for example, with Brilliant Azurine B (No. 511) (at 
1:1000), or Trypan Red (No. 438) (at 1:400), Bordeaux B 
(No. 88 ) (at 1:600), or Orseilline BB (No. 284) (at 1:500) 
(Figs, 147c, d, e, /). (H. E. Buckley, unpublished.) 

Ammonium Dihydrogen Phosphate, NH 4 H 2 PO 4 . The pre¬ 
dominant prism faces on this tetragonal crystal are replaced by 
curved tapering faces converging toward both ends of the Z axis. 
This is brought about by the following concentration of cations 
(in moles per liter): 


Stannic 

4.4 

X 

10 

Chromic 

1.8 

X 

10 

Ferric 

1.8 

X 

10 

Titanic 

2 

X 

10 

Auric 

2 

X 

10 

Aluminum 

4 

X 

10 

Beryllium 

1.1 

X 

10 
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Free H3PO4 is added to prevent precipitation. fH. J. Kolb and 

J. J. Comer, J. Am. Chem. Soc., 1945, 67 ( 1 ), 894-897.] See also 
after KH2PO4, below. 

Potassium Dihydrogen Phosphate, KH 2 PO 4 . The prism faces 
are made far more predominant by many dyes and, for example, 
by FeCla. This shows itself in the fine parallel-limbed dendrites 
pioduced by these substances (e.g,, Plate 71). In the presence 
of the dithionate, 8200 ^^, ion, tapering of the prism faces com¬ 
monly occurs. (H. E. Buckley, unpublished.) The influence 
of these materials was noted during the years 1930-1938, but 
no practical application was visualized. The effect of iron was 
rediscovered independently, with that of chromium and alumi¬ 
num, by H. Jaffe and B. R. F. Kjellgren (Discussions of the 
Faraday Society, 1949, No. 5, 319-322), and its influence on 
tlie prism zone at times was used to grow ammonium dihydrogen 
phosphate (ADP) crystals to a suitable shape. 

The converse effect can also be performed (viz., the suppres- 
sion of growth parallel to the crystal’s Z axis). Ponceau S Extra 
(Actien, Colour Index No. 282), Bordeaux S (Sandoz—inter alia 
—No. 184), and some other dyes cause the elimination of the 
prism faces and the formation of the tetragonal bipyramid { 101 } 
as a closed form. Bismarck Brown Extra (No. 331) causes a 
variation of this. While a narrow prism zone at times remains, 
this appears to be the form limiting a tablet on {001). The 
latter, however, is drusy owing to its consisting of a set of tiny 
faces of {101}. (H. E. Buckley, unpublished.) 

Potassium Dichromate, K 2 Cr 207 . When this and potassium 
permanganate are grown together, thin leaflets on { 010 } are 
produced. This is quite in keeping with the results produced 
by far more dilute concentrations of most sulphonate dyes. The 
following are a few (the more powerful ones) which affect { 010 }: 
Colour Index No. 302, Coomassie Green SS (at 1 to 3500); No. 

45, Chromotrope 2B (at 1 to 3300); No. 434, Brilliant Purpurin 
R (at 1 to 2750); the following, all at 1 to 2000, No. 114, Anisol 
Red, No. 193, Double Brilliant Scarlet G, No. 246, Pontacyl Blue 
Black; the following (all at 1 to 1500), No. 194, Scarlet 2R, 
No. 315, Naphthol Black B, No. 361, Hessian Purple B; the 
following at 1 to 1000 (or over). Nos. 40, 120, 184, 282, 208, 
243, 306, 511. 
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A different effect, on {111}, was first noted with these crystals 
when grown in the i)rcsence of No. 313, Brilliant Crocein 9B 
(at 1 to 250). Much stronger effects have since been found. 
The {111} tablet shown in Fig. 162 is best obtained by one of 
the following: No. 706 (various) (at 1 to 1000 to 1 to 1750); 
No. 707 and No. 801 (at 1 to 1200 to 1 to 1500); No. 228, Thia- 
zine Red G (at 1 to 1330); No. 225, Thiazine Red R, No. 450, 
Benzopurpurin B, No. 456, Brilliant Congo R (all at 1 to 1000) ; 
the jMetanil Yellow group (No. 138) vary from 1 to 600 to 1 to 



Fig. 162. KaCrjOi, normal, {010} plate; {111} plate; {111} + {010} “prism.’^ 


1200. There are scores of examples more of both the above 
types. In a few cases, the two work together and produce a 
“prism’* (Fig. 162). Among these are: No. 361, Hessian Purple 
B (at 1 to 1500); No. 360, Brilliant Hessian Purple (at 1 to 
600); No. 195, Milling Yellow G (at 1 to 500); and (at 1 to 
250) No. 142, Methyl Orange, No. 814, Chloramine Yellow GG, 
and No. 853, Acid Cyanine BF. 

One dye, Fast Orange O (No. 159), has the unusual effect of 
improving the {110} pinacoid, and long needles on the Z axis are 
the result, other faces present being {010} (large), {120}, {210}, 
{100}, {2T0}, {110} and {140} (all small). (H. E. Buckley, 
part in Mem. Proc. Manchester Lit. Phil. jSoc., 1939, 83, 31- 
62; part not yet published.) 


THE ALUMS 

Potassium Aluminum Alum. The usual octahedral habit of 
this double salt has been changed to cubic by many different 
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reagents. First by various substances rendering the solution 
neutral (Siefert, Taschenbuchj 1782; N. Leblanc, Cristallotech- 
nic). Later, dyes were used; [for example, Chloramine Sky 
Blue FF (Colour Index No. 518). (A, E. Milligan, J. Phys. 

Chern.f 1929, 33, 1363—1373.) This, with Bismarck Brown (No. 
331), was noted by M. E. Lash and W. G. France (J, Phys. 
Chem., 1930, 34, 724-736). Bismarck Brown was simultane¬ 
ously noted by Buckley (Z. KHst., 1930, 73, 443-464). Since 




Fio. 163. Alum, nibir and octahedral. 


this first discovery of the effect of certain dyes, between 60 and 
70 more have been found to be effective. A few of these are 
given below, witii their relative effects (see also Plates 11, 22, 
37, 56, and 77 and Fig. 163, where a is {100}, ni is {110}, and 
o is {111}). (H. E. Buckley, in press; also Mem. Proc. Man¬ 

chester Lit. Phil. Soc. paper.) 


Six Mctanil Yellow (No. 138) 

Three Brilliant Congo R (No. 456) 

Three Bordeaux B (No. 88) 

Three of Diamine Sky IMue FF type (No. 518) 
Naphthol Black B (No. 315) 

Azo Black O (No. 312) 

Brilliant Azurine B (No. 511) 

Three Orange I (No. 150) 

Four Naphthol Red S (No. 184) 

Six different dves of No. 621 
Three Biebrich Scarlets (No. 280) 

Five of Diamine Sky Blue A type (No. 520) 
Five of No. 622 type 


from 1:500 to 1:1500 
1:550 to 1:700 
1:330 
1:330 
1:300 
1:200 
1:167 
1:150 
1:120 

from 1:75 to 1:125 
1:45 to 1:110 
1:80 to 1:100 
1:100 
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For comparison with these, we have 

Bismarck Brown (No. 331) 1:100 

Four of Phosphine 3R type (No. 793) * from 1:10 to 1:33 

Three of Safranine type (No. 841) 1:25 

The pyritohedral facets, {210}, it was found, could be induced 
to develop fairly big by the presence of strong HCI during 
growth. (F. S. Beudant, Ann. mines, 1818, 3, 293.) 

Ammonium Alum. Cubes are formed in the presence of 
Oxamine Blue B (Colour Index No. 515), Anthraciuinone Green, 
and Diamine Sky Blue. (Lash and France, loc. cit.) A large 
number of other dyes (e.g., those found to be effective with 
potash alum) have also been found to be effective with this, 
though the results are not j^et ready for publication, (Buckley, 
above.) 

Rubidium Alum. Preliminary results with a few sulphonate 
dyes (e.g., Colour Index No. 5181 show cubes to develop with 
this salt (but not with chrome alum or ferric alums). (H. E. 
Buckley, unpublished.) 

Cesium Alum. Cubes are produced by Bismarck Brown and 
Diamine Sky Blue. (Lash and France, loc. cit.) 

Ammonium Chloride, NH^Cl. It has long been known that 
the fine-dendritic growth of this salt can be modified by a num¬ 
ber of metallic chlorides, and many names will be found in the 
literature associated with one chloride or another. Apparently 
the first to report the growth of cubes of ammonium chloride was 
F. S. Beudant (Ann. mines, 1818, 3, 259). The material he 
added was copper sulphate but there seems little doubt that it is 
CuCla at work, and as such it is the pioneer investigation. The 
various later conclusions were examined and tested by Gaubert 
(Bull. soc. frang. mineral., 1915, 38, 149-182) and summarized 

(and added to): 


Murexide 

at 

1:500 

Ammonium molybdate 

at 

1:250 

CdCl2 

at 

1:133 

MnCb 

at 

1: 50 

C 0 CI 2 

at 

1 : 45 


* National Leather Yellow, No. 793 excepted. 
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CuClg 

at 

1: 

25 


NiCb 

at 

1; 

20 


FeCls 

at 

1; 

10 


Ammonium acetate 

at 

1: 

2 


Ammonium formate 

at 

1: 

1 

.6 

Ammonium sulphate 

at 

1: 

1. 

25 

Ammonium nitrate 

at 

1: 

0. 
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In a recent work, it was found that pectin or pectic acid pre¬ 
pared from an extract of sawdust caused ammonium chloride to 
grow as large cubes elongated on one cube axis (up to 10 inches). 
(F. Ehrlich, Z. anorg. Chem., 1931, 203, 26-38.) 

Cubes of ammonium chloride are produced, too, when urea is 

present in the solution. (J. W. Rctgers, Z. physik. Chem., 1893, 

12, 582-622.) According to a recent work of Bunn (Proc. Roy. 

Soc. London, 1933, A141, 567-593) it takes about 1:6 of urea 
to salt, 

Aminoniuin Bromide, This substance has not been so fully 

explored but has, in general, similar properties and is affected 

by the same type of impurity (e.g., metal dibromides and urea) 
(Retgers, Bunn.) 

Ammonium Nitrate. The {110} habit changes to platy owing 
to the effect on (010) faces of Amaranth (Colour Index No, 184) 
or Acid Magenta (No. 692). (A. Butchart and J. Whetstone, 

Discussions of the Faraday Society, 1949, No. 5, 255-261.) 

Ammonium Oxalate. The common habit of the crystals show 
(001), (110), and {010} predominant. According to Kolb and 
Comer (J. Am, Chem. Soc., 1946, 68 fl], 719) the habit is modi¬ 
fied by cations in the following manner: 

{110} enhanced by Zn", Cd", Mn" 

jlll) enhanced by Zn", Ca", Mg", Sc'" 

j021) enhanced by Zn", Ca", Mg", Sc'", Co'", Ni" 

Barium Nitrate. This salt normally grows as octahedra-tetra- 
hedra with bevelings of other facets which are very variable in 
their incidence. In the presence of Methylene Blue (Colour 
Index No. 922) cube octahedra and cubes are obtained (P. Gau- 
bert, Bull. soc. frang. mineral., 1894, 17, 121-123 and ibid., 1900, 

23, 211-221; also A. J. Walcott, Am. Mineral, 1926, 2, 259-278.) 
The presence of traces of alkali or carbonate appears to assist 
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in producing cubes, while the cubes from Methylene Blue con¬ 
sist partly of pyritohedra such as {810}. (H. E. Buckley, 

Z. /vmL, 1930, 76, 147-168.) Other dyes fe.g.. New Blue (No. 
909)] also appear to induce {100} on these crystals. (H. E. 
Buckley, unpublished.) 

Tetrahedral growth on barium nitrate is induced by quinine 
nitrate, as when quinine sulphate precipitates some BaS 04 . 
(Buckley, loc. cit.) Pyritohedra, {210}, are developed to equal¬ 
ity with cube and octahedra by the presence of iMn 04 ', 
Fe(CN)6"", and Fe(CN)(j'" ions. (Buckley, loc. cit.) 

Barytes-Type Crystals. Although barytes exist in many differ¬ 
ent habits in nature, we have not been able to reproduce these 
on artificially prepared barium sulphate crystals. However, 
there are several different substances, all having a crystal struc¬ 
ture identical with the barytes one, and with these all the habit 
variations ever recorded on natural barytes have been reproduced, 
with one or more besides which have never been encountered in 
nature. The substances whose habits have been substantially 
modified are potassium permanganate, potassium perchlorate, 
and ammonium perchlorate. The changes are similar in all 
three cases except that the {110} variant has been obtained only 
with KMn 04 , but the latter will be dealt with separately be¬ 
cause the effects are all by inorganic oxy-ions and are not to 
be compared in power with those by dyes on the other two 
crystals. Another point of interest lies in the close similarity 
between KCIO4 and NH4CIO4 in their response to dye-impurity 
stimulation, whereas it will be seen later that ammonium sul¬ 
phate is almost completely unaffected by impurities which exer¬ 
cise a profound influence over potassium sulphate. 

Potassium Permanganate. Usual habit shows {102} and {110} 
predominant, rapid growth causing elongation on the former 
faces parallel to 7; other forms are frequent (e.g., {011} {001} 
{111}, {100}, {010}, {122}. 

The Basal Plane. {001} predominates when the Cr 207 " ion 
is present in solution to the extent of over 1:10. Plate 42 shows 
the identical effect and the characteristic striations parallel to 
Y on the -elated ammonium perchlorate. (H. E. Buckley, 
Z. Krist., 1931, 78, 412-421; 1931, 80, 238-254.) 
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In the presence of the SO/' ion (> 1:10) or CrO/' ion (1:3), 
the prism { 110 } predominates, with ( 100 ) rather less (with 
SO 4 ") or rather bigger (with Cr 04 "). The Se 04 " ion is some¬ 
what weaker than Cr 04 ". The macro-pinacoid {100} is en¬ 
larged by the CO/' (at 1:3) and H 2 PO 4 ' ions (at 1:1), with 
subsidiary effects on {011}. The brachydome, {011}, is enlarged, 
with subsidiary effect on {100} by the HPO 4 " ion at 1:5, the 
HASO 4 " ion at 1:5, and IVIn 04 " ions; {011} and {100} are af¬ 
fected about equally by PO 4 '", ASO 4 '", and H 2 ASO 4 '. With 
slightly more rapid growth, the latter three ions may affect the 
{110} planes as with the SO 4 " ion (Plate 47). The dithionate 
ion, S 2 O/', appears to have a moderate effect on {100}, {011}, 
and { 001 }. 

It may be noted here that the actions of the various oxy-ions 
on KCIO4 and NH4CIO4 crystals are somewhat similar to those 
described above for KMnOi, though probably not so pronounced 
(excepting Cr 207 "). 

Potassium Perchlorate. (H. E. Buckley, Z. Krist., 1935, A91, 
375-401.) The basal plane. {001}, is enlarged by the Cr 207 " 
ion, the plates being striated parallel to Y. The {100} form is 
enhanced by the dye Chromotrope 2B (Colour Index No. 45) at 
1:400 (see Fig. 112) (possibly also by some others, as for 
NH4CIO4). The macro-dome { 102 } is strongly enhanced by 
many dyes (Fig. 111). These have not been so fully investi¬ 
gated as NH4CIO4, but the results, generally speaking, follow 
a parallel course. A few of the stronger effects arc given below 
(see also Plate 72). 

Brilliant Congo U (No. 456) at 1:20,000 

Chlorazol Fast Orange D (No. 621) at 1: 5,700 

Brilliant Azurine B (No. 511) at 1: 2,800 

Trypan Red (No. 438) at 1: 2,800 

Bordeaux B (No. 88) at 1: 800 

The brachydome {011} is affected by many sulphonate dyes 
(Fig. 110), among which may be given the following: 


Bordeaux B (No. 88) 

at 

1: 

1330 

Chromotrope 8B (No. 188) 

at 

1: 

1000 

Wool Scarlet R (No. 76) 

at 

1: 

800 

Solochrome Black PV (No. 170) 

at 

1: 

800 

Fast Red Extra (No. 182) 

at 

1: 

500 
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Many dyes (e.g., Bordeaux B above) affect {011} at a lesser 
concentration than that at which they do {102}. This has been 
discussed in Chapter 10. 

Ammonium Perchlorate. (H. E. Buckley, in press.) The 
Cr 207 " ion has the usual effect on {001}. Plate 42 shows a 
typical tablet striated along Y. It is also developed by one 
single dye, Erio Fast Fuchsin BL (Colour Index No. 758) as 
shown in Plate 43. Note the diagonal striations. Tlie {100j 
effect is as for KCIO 4 . The following are a few of the potencies 
(see also Plate 12): 


Chromotrope 2R (No. 29) 
Chromotrope 2B (No. 45) 

Palatine Scarlet 3R (No. 91) 
Helianthine (No. 142) 

Alizarin Delphinol SEN (No. 1053) 
Alizarin Delphinol BDN (No. 1054) 
Alizarin C^'anine WRS (No. 1003) 


at 

1 

40 

at 

1 

1000 

at 

1 

100 

at 

1 

3000 

at 

1 

2500 

at 

1 

6000 

at 

1 

2500 


The {102} effect is produced by several hundreds of sulphonate 
dyes, the majority of those investigated. The following are a 
few of the stronger effects: 

Brilliant Azurine B (No. 511) at 1:45,000 

Chloramine Yellow 2G (No. 814) (compare other 
No. 814 samples) 

Cotton Blue Cone. No. 1 (No. 707) 

Water Blue 3B (No. 707) 

Chlorophenine R (No. 635) 

Ponlamine Fast Pink BL (No. 353) 

Helvetia Blue Standard (No. 706) 

Thiazine Red R (No. 225) 

Thiazine Red G (No. 228) 

Other samples of No. 814 
Naphthol Black B (No. 315) 

Several of the more powerful impurities which bring up the 
{011} form on NH4CIO4 are 


at 1:45,000 

at 1:30,000 

at 1:25,000 
at 1:25,000 
at 1:20,000 
at 1:16,000 
at 1:12,000 

at from 1:6,000 to 1:13,000 
at 1: 9,000 


Helvetia Blue Standard (No. 706) 

at 

1:50,000 

Cotton Blue Cone. (No. 707) 

at 

1:50,000 

Water Blue 3B (No. 707) 

at 

1:50,000 

Chlorophenine R (No. 635) 

at 

1:35,000 

Thiazine Red R (No. 225) 

at 

1:20,000 

Thiazine Red G (No. 228) 

at 

1:14,000 
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Ponceau S Extra (No. 282) 
Naphthol Black B (No. 315) 
Brilliant Congo R (No. 456) 

See also Plates 16 and 55 and Fig. 164. 


at 1:12,000 
at 1:11,000 
at 1: 9,000 



Fia. 164. Left. Ordinary NH4CIO4 or KCIO4: standard (0111 with |102}; 
standard {102| with {Oil I; standard |i02| with {100). Center. Standard 

|011| with 11001; overstandard |0111 but not yet approaching intermediate 

stage; overstandard {100} with {102}; {001 i effect. Right, Intermediate be¬ 
tween {0111 and {1021; {100} with {011|; a, c, m have usual significance 

(viz., {loot, {001), and {1101);ris {102|;nis {011). 

Borax, Na2B407* IOH2O. Whether on account of its alkaline 
nature or its water content or both, borax is a rather difficult 
substance to modify, and as a rule the quantity of impurity 
required is many times that for most of the commoner sub¬ 
stances. 

In the presence of a trace (say 1:100 parts) of CuCU or 
CUSO 4 the clino-pinacoid, { 010 }, is strongly enhanced, often 
with some curvature of the faces (Fig. 165, top right), and with 
a tendency toward grouping of crystals into “rosettes.” (H. E. 
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Buckley, Mein. Proc. Manchester Lit. Phil. Soc., 1939, 83, 31- 
62.) While most dyes are inactive—no concentration of dye 
greater than 1:10 (e.g., 5 grams borax to 0.5 dye) was consid¬ 
ered, the case having been “written off,” although many dyes 
would probably function at higher concentrations—a few do 



Fig. 165. Several borax habits. Upper row. Pure crystals; pure crystals— 
well developed; 1320) -f- {IlT}; |0101 habit. Lower row. {1101 effect; 
1110} 1221); a portion of a rosette of |331}; |llT} effect, a, 6, c, rn have 
usual significance; pi, p 2 , and ps are |llT|, {22T|, and {331}; is {041}; 

k is {320}. 


affect the {110} planes sufficiently to cause them to equal and 
finally extinguish the predominant (100) pinacoid. The effects 
are frequently not clear-cut on (110) but are accompanied by 
other effects on {221} or {331}. Often, too, the roles of {110} 
and {331} are reversed; in fact the strongest observed effect 
concerned a {331] predominance. 

Some dissection of the results seems essential therefore, and 
below are given a few of each type, beginning with the more 
widespread {110} effect. 

On [110} alone (Fig. 165, bottom left). {110} equals {100} 
at the following approximate ratios by weight in the solution: 
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Colour Index No. 145, Azoflavine RS (1 to 800); No. 343, 
Chrome Fast Yellow G (1 to 200); No. 26, Ponceau 4GB (1 to 
100); No. 174, Acid Brown R (1 to 90); No. 596, Benzo Chrome 
Brown G (at 1 to 75); the following, at about 1 to 50: Nos. 36, 
150, 284, 315. All members of the numerous groups, 620, 621, 
622, have some effect varying up to 50. 

On {110], icith good [221]: No. 151, duPont Orange 2 cert 
(1 to 100); No. 282, Ponceau S extra (1 to 45); No. 305, Nerol B 
fl to 40). 

On [110], with good [331]: No. 517, Chicago Blue 4B (1 to 
40)_; No. 446, Toluylene Orange R (1 to 30); No. 456, Brilliant 
Congo R f 1 to 25). 

On {331} with {110} subsidiary to various degrees (Fig. 165, 
bottom center): No. 161, Orange R (1 to 1000); No. 518 (vari¬ 
ous) (1 to 60 up to 1 to 175) ; No. 239, Fast Brown G (1 to 133); 
No. 276, Fast Scarlet B (1 to 80) ; the following at 1 to 30 up to 
1 to 40: Nos. 298, 206, 295, 280. 

On {100} with {110}. In a few cases, there is an effect on 
{110} as seen in the disappearance of tlie {010} faces sand¬ 
wiched between them, but the crystals otherwise are very thin 
plates with {100} the predominant form but still more so. Evi¬ 
dently {110} has not much opportunity to show up when {100} 
is strongly modified too. The best effect is shown when the 
impurity is No. 353, Pontacyl Fast Pink BL Cone., where a con¬ 
centration of 1 to 450 suffices. No. 491, Diamine Blue B, is 
similar at about 1 to 25. 

On {111}. An old dye, Vacanceine Blue, No. 135, by Reid, 
Holliday (now I.C.I.), possessing a diazotized Safranine struc¬ 
ture has a unique effect on borax, which is only noticeable with 
an early crystallization (in second crops, or very belated crys¬ 
tallizations, there is no effect, indicating a change in the com¬ 
position of the impurity; nor does Indole Blue R, another mem¬ 
ber of the No. 135 group, have this effect at any time). The 
vertical axis of borax is foreshortened until {100} almost loses 
the vertical edges associated with the presence of {110} and 
{010} faces and {111} grows to obliterate {001} at top and bot¬ 
tom (Fig. 165, bottom right). One other dye. No. 359, Hessian 
Purple N, has since been found to give the same result. 
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Unusunl Results. Among these may be listed that on {320}, 
k in Fig. 165 (top rigiit), with some lesser effect on {010}. This 
has been found with only one dye so far, No. 146, Indian Yellow 
G. Again, with No. 195, Chrome Fast Yellow G, {110}, itself 
only slightly enlarged, is always accompanied by {120} and fre¬ 
quently by {210}. 

Calcium Carbonate. (H. Vater, Z. Krist., 1899, 30, 485-508.) 
When this is separated slowly fr(im a bicarI)onate solution in 
whicli a minor (|uantity of SO./' is i)resent, we first get the pri¬ 
mary rhornboliedron {100}. (This is at between 0.00025 and 
0.0003 gram mole per liter.) At higher concentrations (0.0005) 
a steep rhornboliedron ({111} tyi)e?) develops and increases (to 
0.0025), so that, with an inverse rhombohedron, {100} is elimi¬ 
nated. At 0.125 gram mole of sulphate, the crystal is bounded 
by the steep i hombohedron and the basal plane. 

Calcium Sulphate Dihydrate. Acicular habit of gypsum pro¬ 
duced in the settling of plaster is changed to a thicker pris¬ 
matic habit, with less “api^arent” expansion when ixM'ftinned in 
the presence of sodium citrate (exact habit change—what?). 
(F. AI. Lea and R. W. Nurse, Discussions of the Faraday So¬ 
ciety, 1949, No. 55, 345-351.1 

Copper Acetate. {W\ G. France and Kath. AI. Wolfe, J. Am. 

Chem. Soc., 1941, 63, 1505-1507.) In the presence of metanilic 

or sulphanilic acids, the orthodomes are developed on the crys¬ 
tals. 

Lead Chloride. (F. D. Aliles, Froc. Roy. Soc. London, 1931, 
A32, 266-281.) This substance, usually crystallizing as plates 
on {010}, yields bisphenoids in the presence of dextrin, from 
1 to 100 to 1 to 200, when cooled rapidly. Y'ith slow growth, 
rounded aggregates are produced. 

Lead Bromide. This is similarly affected with gum arabic. 

Mercuric bromide, on the other hand, with dextrin, grows on 
a j)air of {110} faces, the other pair being narrow at the sides. 
4 he symmetries are all holohedral. 

Lead Nitrate. This cubic crystal has been the subject of many 
researches. Gaubert first noted that, in the presence of the dye 
Alethylene Blue (Colour Index No. 922), cubic facets grew ulti¬ 
mately to exclude the octahedra. He has referred to this in 
many other papers, principally in discussing inclusions and 
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pleochroism, but the essentials are found in his early papers, 
a mention in Bull. soc. frang. ynineraL, 1894, 17, p. 107, and 
more fully in two later issues (1900, 23, 211-221 and 1930, 53, 
157-171). 

It has been found that the “cube’' faces of lead nitrate are 
invariably replaced by a pyritohedron of fairly low indices (e.g., 
{410} as in Plate 84). (H. E. Buckley, Z. Kj'ist., 1930, 76, 147- 
168.) 

Magnesium Sulphate, MgS 04 *71120. These crystals usually 
show a prismatic habit, and the terminations show no evidence of 
other than full orthorhombic symmetry. In the presence of borax, 
however, bisphenoids fill the ends of the crystals which are 
shortened to nearly uniform habit. (C. von Hauer, VerhandL 
geol. Reichanstaltj Vienna j 1880, 17, 296-299.) 

Naphthalene, This usually grows as thinnish tablets on {001}, 
terminated by extremely narrow prism faces, the whole having 
a pseudohexagonal outline. When grown from a methyl alcohol 
solution to which collodion has been added, the habit is dis¬ 
tinctly prismatic on {110}. (J. D. Jenkins, J. Ani. Chem. Soc., 

1925, 47 (1), 903-922.) 

Phlorizoside (Phlorizine) Hydrate. This substance, which usu¬ 
ally grows as tufts of fine needles, is reduced to plates, presum¬ 
ably on {100}, whose heights are not more than three times their 
width when Methylene Blue is present. (P. Gaubert, Compt. 
rend., 1933, 196, 554-556, 942-945.) 

Phloroglucinol. These, usually {001} tablets with {110} and 
{102}, are found to be elongated on the X axis by Methylene 
Blue and to consist of {100} tablets, but to be elongated on Y 
up to several centimeters in length in the presence of Toluidine 
Blue (Colour Index No. 925) and Fuchsin (No. 677). (P. Gau¬ 

bert, Compt. rend., 1935, 200, 1120-1122.) 

Potassium Chlorate, These well-known thin tablets on {001} 
need no description (Fig. 166, top left). Marc first noted that 
the habit was considerably changed by the presence of such dyes 
as Ponceau 2R (Colour Index No. 79) though he did not investi¬ 
gate the change of habit. (R. Marc, Z. phys. Chem., 1912, 79, 
71-96.) Shortly afterwards, Gaubert repeated his work, using 
Biebrich Scarlet (No. 280), and found the effect to be on the 
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clinodome {Oil}. (P. Gaubert, Compt. rend., 1913, 157, 1531- 
1533.) Later, Buckley and Cocker with Alarc’s work before 
them, but not GauberUs note, investigated the KC10;j change 



Fig. IGG. All habit changes found so far for KCIO3 crystals. Top rou\ Purcw 
crystal habit, ranging to one with obvious {Oil} effect. Second row. First three 
figures. Standard |011| for inorganic ions ranging to strong effect of ammo¬ 
nium molybdate: remaining three show the effect of potent dyes in lessening 
concentration, the end being taken for standard (see also Plate 8G). Third 
row. First two figures. Tablets on {101 the second showing how twin orien¬ 
tations develop; third figure, effect of Cr 207 '' ion on |010i; fourth figure 
KCIO3 with dye in less concentration than standard. Bottom roiv. Left, a 
{0011 effect; Hght, an oscillatory effect on |011 \ ami |001 |. a, b, c, m, n have 

usual significance: s is 11011. 


with oxy-ions and later with a large number of dye impurities 
{Z. Krist., 1932, A82, 37-46; 1933, A85, 58-73; 1934, A88, 381- 
411). The oxy-ions and the large majority of the dye impuri¬ 
ties possess a similar effect and differ only in tlic far greater 
potency of the latter. One single case, the ion, influences 

the {010} planes (Fig. 166, bottom center). Of the oxy-ions, 
only the CrO/' and B 4 O 7 " are able to produce the “standard” 
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result suggested by Buckley, where {011} = {001} and so are 
only as strong as the weakest of all the dye samples. Plate 85 
shows the effect of the B4O7" ion at nearly standard concentra¬ 
tion. Ammonium molybdate will do this at a concentration of 
1:1000 (Plate 38). The following are a few of the most potent 



Plate 85. KCIO 3 crystals grown with a strong concentration of borax; 

approaching “standard” for {011}. (Buckley.) XO. 

results, and some are gatlicred from a paper only now in the 
press, ^\'ith a dye, the standard value is as siiown in Plate 86, 
a very thin framework or plate of KClO.t being covered with a 
set of parallel standard clinodomes (Fig. 166, middle row). 
Plate 36 shows a variant. 


Trypan Red (No. 438) 

at up to 

1:60,000 

Guinea Violet S4B (No. 698) 

at 

1:30,000 

Naphthol Black B (No. 315) 

at 

1:25,000 

Brilliant Azurine B (No. 511) 

at 

1:25,000 

Congo (No. 370) 

at 

1:25,000 

All .samples of Nos. 621 and 622 

at up to 

1 : 20.000 
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Diphenyl Citronine G (No. 624) 

at 

1 :20,000 

Helvetia Blue No. 1 (No. 706) 

at 

1 :20.000 

Chloramine Yellow GG (No. 814) 

at 

1 :20,000 

Ponceau S Extra (No. 282) 

at 

1:17,500 

Eboli Blue B (No. 475) 

at 

1:17,500 

Thiazine Yellow (No. 813) 

at 

1:16,000 

Orseilline BB (No. 284) 

at 

1 :15,000 

Congo GR (No. 367) 

at 

1:15,000 



Plate 86. KCIO3 crystals grown with Pontacyl Violet C4R (du Pont) 
(Colour Index No. 698); usual appearance at “standard” concentration 

when the active impurity is a dye. (Buckley.) X2. 

The average effect of the dyes on KCIO 3 -OII is far greater 
than on any other crystals so far investigated; nearly all sulpho- 
nates have some effect or another. 

The {lOl} Effect on KClO,i Crystals. This is brought about 
by the following: 

Chromotrope 2B (No. 45) at 1: 2,500 
Alizarin Delphinol SEN at 1: 3,000 
Alizarin Delphinol BDN at 1:15,000 

It is shown in Plate 41 and Fig. 166 (near left-hand bottom). 
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Potassium Chloride. The cubic habit of this alkali halide is 
changed to octahedral by the following dyes (C. Frondel, Am, 
Mineral., 1940, 25, 91-110): 

Supcrchromc Yellow RN (No. 197) 

Naphthol Black 6B (No. 311) 

Brilliant Crocein 9B (No. 313) 

Pontamine Blue BBL (No. 406) 

Pontamine Yellow XSG (No. 622) 

Alizarin Blue Black B (No. 1085) 

A dilute solution of PbCU also changes the habit to octahedral. 
(J. AA'. Itetgers, Z. physik. Chem., 1892, 9, 267-322.) The effect 
appears to work at about 1:500, and spherical aggregates are 
formed at greater concentrations (see Plate 74). 

Potassium Bromide and Potassium Iodide. The cubic habit of 
these salts may be altered to octahedral by the lead halide in 
the same manner as above. In addition, Frondel has found that 
one dye. Brilliant Crocein 9B (Colour Index No. 313), will work 
with KBr, while with KI he mentions Acid Fuchsin (No. 30) 
and Brilliant Y'ellow S (No. 144). It is interesting to note that 

he did not find any dye to modify NaCl. 

Potassium Sulphate and Related Compounds. Of these, two— 
l)otassium sulphate and potassium chromate—have been well 
worked out, but ammonium sulphate does not lend itself to much 
manipulation. There is one respect in which all the isomor- 
phous salts appear to resemble each other, and that is the man¬ 
ner in which the basal pinacoid {001} is enlarged to predomi¬ 
nance by the S 2 O/' ion (Plate 40). It has been found effective 
in the cases of K 2 SO 4 , K 2 Cr 04 , K 2 Se 04 , and (NH 4 ) 2 S 04 , and it 
provides, in the last-mentioned case, one of its very few exam¬ 
ples of variation. AVhat appears to be the reverse of this [viz., 
the elongation of (NH 4 ) 2 S 04 crystals on Z to produce pseudo- 
hexagonal stout prisms] has been described by AA^ G. Adam and 
D. G. ^Murdoch. (Brit. Pat. 330,947, June, 1930.) The effecUve 
agent in this case appears to be the ferric ion in acid solution. 
The usual habit of (NH 4 ) 2 S 04 is on the {010} pinacoid. In the 
presence of the dyes listed below, the basal pinacoid, {001}, is 

enhanced. 
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Tartrazine (No. 640) 

Amaranth (No. 184) 

(A. Butchart and J. Whetstone, Discussions of the Faraday So¬ 
ciety, 1949, No. 5, 254-261.) 

With K 2 SO 4 and KoCr 04 , the main effect by far is that on 
the { 010 } pinacoid and is performed by several hundretls of 
sulphonate (and some other) dyes, K 2 Cr 04 having a greater 
tendency to salt out any indifferently soluble dyes than has 
K2SO4. 

The Potassium Chromate-{010} Effect (Fig. 1091. Among 
some hundreds of dye impurities which affect this plane, there 
are some of the most powerful so far recorded for any substance. 
(H. E. Buckley, Mem, Proc. Manchester Lit. Phil. Soc., 1939, 
83, 31-62, and a paper now in press.) Some of the most power¬ 
ful effects are given below. 


Cotton Blue Cone. No. 1 (No. 707) 

at 

1:67,000 

Water Blue 3B (No. 707) 

at 

1:60,000 

Brilliant Lanafuchsin 2G 1 



Azorhodine2G f (rsJo. 31) 

at 

1:45,000 

Various types of No. 706 

at 

1:15,000 to 1:30,000 

Wool Green BS (No. 737) 

at 

1:27,000 

Naphthol Red S 



Victoria Rubine (No. 184) 

at 

1:25,000 

Bordeaux S J 



Carmoisine L9156K (No. 180) 

at 

1:25,000 

Scarlet GR (No. 78) 

at 

1:22,500 

Fast Acid Magenta B (No. 30) 

at 

1:20,000 

Tartrazine group (No. 640) 

at 

1:12,000 to 1:20,000 

Azo Acid Red L (No. 54) 

at 

1:16,000 

Chromotrope 8B (No. 188) 

at 

1:14,000 

Acid Yellow (K. Oehlers’ No. 16) 

at 

1:14,000 


The (001) effect; by S 2 O;/' at about 1:10. (H. E. Buckley, 

Z. Kinst., 1932, A82, 285-296.) 

The Potassium Sulphate-{010} Effect (Plates 44 , 45 , 54 , and 
87 and Figs. 108 and 167). This is practically identical in char¬ 
acter to the K 2 Cr 04 one but is far easier to visualize on account 
of the lesser tendency of this salt to form dendrites and clusters. 
Some figures are given herewith. (H. E. Buckley, Z. Krist., 1934, 
A 88 , 381-411; also in press.) 

Trypan Red (No. 438) up to 1:40,000 

Pontamine Diazo Black BHSW (No. 401) at 1:25,000 
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Water Blue 3B (No. 707) 

at 

1 :20,000 

Various types of No. 706 

at 

1:12,500 to 1:20,000 

Ponceau S Extra (No. 282) 

at 

1:17,500 

National Fast Wool Blue B (No. 209) 

at 

1:15,000 

Azo Acid Red L (No. 54) 

at 

1:14,000 

Various Metanil Yellows (No. 138) 

at 

1:9,000 to 1:15,000 

Various types of No. 472 

at 

1 :11,000 

Various types of No. 477 

at over 

1 :10,000 

Methyl Orange (No. 142) 

at 

1 :10,000 

Pontamine Sky Blue 5BX Supra (No. 520) 

at 

1 :10,000 



Plate 87. K 2 SO 4 ; aragonite triplet; {010} enhanced by Quinoline Yellow 
(Colour Index No. 801), and rather over “standard” {010}, X 6 . 

The {010} effect on K 2 SO 4 crystals may be combined with a 
practically equal effect on { 110 }, pseuclohexagonal prisms re¬ 
sulting (Fig. 167). These are mostly basic dyes [e.g., Bismarck 
Brown (Colour Index No. 331) at 1:500, Brown AT (No. 332) 
at 1:330, various Acid Fuchsins (No. 692) at 1:330, and Safran- 
ine (No. 841) at 1:400J. Two dyes have so far been found to 
affect K 2 S 04 -{ 110 } by itself (Fig. 167). (H. E. Buckley, in 

press.) These are 


Eriochrome Flavin A (No. 219) at 1: 200 
Alizarin Sky Blue 3R (No. 1088) at 1 ;2000 
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The {100} Effect on A'.SOj (Plate 59, Fig. 167). This is found 

in the case of two dj-es (H. E. Bucklev, Z. Krist., 1934, A88, 
122-127): 

Alizarin Yellow 5G (No. 122 ) at 1:1000 
Alizarin Yellow 2G (No. 36) at 1 : 200 


In one single case, {100} and its pscudohoxagonal companion 
(130} are affected together, so that a different order of an ap- 




Fig. 167. Variou.s habits of K 2 SO 4 . Top row. Standard {010}; 2 to 3 X 
standard {010!; {010!, aragonite triplet. Center roiv. Ordinary habit by 
rapid growth; tabular {001!; {lOOj habit. Bottom row. Pure crystals grown 
slowly; prism with {llOi, {OlOj, {100!, |130|; {110 habit |; {110| + {010|; 
1100 ! -h {130|. a. 6 , c,m have usual meaning;© is {lll|,Zis [021!,/is \ IS0\’. 


parently hexagonal prism is obtained (Fig. 167). The only dye 

so far found to do this is Pigment Fast Y^ellow G (No. 651) at 
1.2500. (H. E. Buckley, in press.) 

The {001} Effect by S^O/' {at 1:100) or S.Oq". (See H E 
Buckley, Z. Krist., 1932, 81, 157-168.) 
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Potassium Dithionate. This usually grows with a fairly uni- 
loiiu (lovelopiuent of prism and bipyramid faces with the basal 
pinacoid. The latter, (0001), is enhanced so as to render the 
ciystals tabular by several oxy-ions, but in 
and (H. E. Buckley, unpublished.) 



Platk <S8. Rocholle salt with tho C’u" ion or witli IIsBOs. (Biickloy.) X^. 


particular by CIO:/ 


Potassium Nitrate. The only hal)it change worthy of note with 
this substance is that first recorded by Rctgers in 1893 fZ. phyn. 
Chan., 1893, 12, 582-922). The crystals, inslearl of tlic usual 
long jJi'isms on (llOJ and {010}, are rounded tablets on (001}. 

Potassium Sodium Tartrate; Rochelle Salt. This salt is ex¬ 
tremely soluble and not very difficult to crystallize, but it salts 
out a large proi)ortion of dye impurities. In si)ite of the fact 
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that hourglasses on { 010 } + ( 210 } and on { 001 } have been re¬ 
ported (A. E. Milligan, J. Phys. Chem., 1929, 33, 1363-1373) 
with such dyes as Chlorazol Sky Blue FF (Colour Index No. 
518) and Crocein Scarlet 3B (No. 252), these do not appear to 
denote any appreciable habit change. However, Rochelle salt— 
which usually grows with { 110 } predominant in the prism zone, 
accompanied by ribbon-like faces of { 210 }, { 120 }, { 010 }, and 
often { 100 }, the whole terminated by a large basal pinacoid, 
{ 001 }, and tiny bisphenoids or domes—grows with { 210 } com¬ 
pletely pushing out the other prism faces when the cupric ion 



is present. The two ratlier irregular but acute prisms in Plate 88 
are examples of this. (H. E. Buckley, Mem. Proc. j\IanchesteT 
Lit. Phil. Soc.j 1939, 83, 31-62.) The four acute prisms shown 
at the top of the plate have experienced the same habit change 
but due this time to the presence of boric acid. These are some 
of the most compact and neat crystals of Rochelle salt ever 
grown by the writer. It is strange that the corresponding salt, 
“ammonium Rochelle salt,'" sodium ammonium tartrate, does 
not appear to be affected in this way. In the lower half of 
Plate 88 are crystals of Kij^Na^(C 4 H 40 o) ■4H:iO. These grow 
with a habit in the pure state scarcely distinguishable from that 
of Rochelle salt. In the presence of the cupric ion, however, 
they grow as tablets on { 001 }, with apparently { 110 } far more 
important in the prism zone than {210}. (H. E. Buckley; un¬ 

published.) In a general way, excess of Na+ ion in solution 
appears to promote the { 100 } faces while NH 4 + ion has the 
reverse effect, but neither on the scale just described for { 210 } 

and {001} habits. These, and pure Rochelle salt, are shown in 
Fig. 168. 
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Silver Chloride and Silver Bromide. These crystals, which 
grow with octahedral habit from ammoniacal solution, are modi¬ 
fied by the action of a number of dyes. They grow as dendrites 
whose extensions follow the usual cubic directions (e.g., [100] 
or [111]). It is suggested that the more concentrated dye solu¬ 
tions have modified the habit. (W. Reinders, Z. phys. Chem., 
1911, 77, 677-699.) Gaubert has examined the crystals formed 
in this way (e.g., with Methylene Blue in solution) and finds 
them to be cubic in outline. (Compt. rend.j 1913,157, 1531-1533.) 

Sodium Chlorate. This cubic, tetartohedral crystal usually 
presents nothing but the cube, often flattened on one of its axes. 
It was found that Na 2 S 04 or NaClO^ in solution caused the ap¬ 
pearance of tetrahedral facets which could assume predominance 
over the cube faces. (C. von Hauer, Verhandl. geol. Reichanst., 
I'fenna, 1877, 4, 57-61.) Later investigations have shown that 
{111}, the tetrahedron, was on the point of obliterating (100) 
at the following concentrations of ion; 


SzOe'' 

at 

1 ; 

1000 

B4O7'' 

at 

1 : 

60 

S2O3" 

at 

1 : 

20 

SO4" 

at 

1 : 

7 

CriOy" 

at 

1 : 

1 

Cr 04 " 

at 

1 : 

1 

CIO4" 

at 

1 : 

1 


Recently, in a thesis presented to the University of New Zea¬ 
land in 1948, D. S. Rickard repeated some of the NaCIOs results 
(above). The conditions are somewhat different, the solutions 
being placed in the presence of dehydrating agents, and the ions 
of impurity exercise a more powerful influence than in the 
author’s experiments where the solutions were open to the at¬ 
mosphere. Rickard could obtain the complete suppression of 
cube faces when the ions were in the proportion of 1:5000. In 
Fig. 169, the effect of increasing the concentration of impurity 
is shown (the effect increases from a, a' to /). Although Milli¬ 
gan has shown that hourglasses on cubes of NaCIOs can be pro¬ 
duced when growth takes place in the presence of certain dyes, 
there appears to be no effect by these on the habit (see ref. to 
Rochelle salt). 
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Fio. 169. Progressive changes in habit of NaClOa crystals from cubes 
to tetrahedra with increase in concentration of impurity {a,a' to /). 

(Buckley.) 
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Sodium Chloride. Very much work has been done on this 
since it was first shown that the compound urea caused the de¬ 
velopment of the octahedron in place of the cube. (Rome de 
Lisle, Cristallographie, 2nd ed., 1783, 1, 379.) Although one 
of the oldest examples, it is by no means a powerful one, and 
the cube is only obliterated at a concentration of about 1:3. 
Retgers {Z. physik. Chem., 1892, 9, 267-322) found CrCL to 
produce octahedra on common salt as well, and Royer (Compt. 
rend., 1934, 198, 585-587) also reports that the chlorides CdCL, 
ZnCL, and MnCL are effective. Either most of the examples 
claimed by various workers only get to the stage where {111} is 
obvious to the eye on the cube corners, or, in some instances, 
the trigonal appearance of crystals in a microscope field mis¬ 
leads the investigator when these are really cubes resting on a 
(111) plane. 

Sodium Fluoride. Frondel reports a change of habit from 
cubes to octahedra in the presence of the following dyes: 

Croccin Oranjro (No. 26) 

Solochromo Black PV (No. 170) 

Alizarin Red S (No. 1034) (ref. as for KCI) 

(C. Frondel, Am. Mineral., 1940, 25, 95-110.) 

Sodium Nitrate. These calcite-like rhomboliedral crystals are 
difficult to modify. However, certain dyes, such as Congo Red 
(Colour Index No. 370), iMagenta (No. 677), Oxamine Blue (No. 
515?), Methylene Blue (No. 922), cause the appearance of “octa¬ 
hedral” facets replacing the corners (i.e., of the forms (111} and 
{llT}). (L. A. Weinland and W. G. France, J. Phys. Chem., 

1932, 36, 2832-2839.) 

Sodium Nitrite. The orthorhombic crystals are modified by 
lead nitrite, which enhances {101}, and mercuric nitrite, where 
{101} and {001} are enhanced, with elongation on F. (A. Fock, 

Z. KrisL, 1890, 17, 177-190.) 

Urea. This usually grows as needles on {110}, of great length 
and indifferently terminated, though the tetragonal bisphenoid 
{111} has been reported. Grown in the presence of ammonium 
bromide or chloride, shorter prisms with {001} seated on the 
bisphenoids are formed. (C. W. Bunn, Proc. Roy. Soc. London, 

1933, A141, 567-593.) 
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Urea Nitrate. Usually tabular on the basal plane, this sub¬ 
stance grows with well-developed prisms in the presence of 
Methylene Blue (Colour Index No. 922). (P. Gaubert, Compt. 

rend,, 1907, 145, 378-380.) 

Urea Oxalate. This grows, according to Gaubert, in three dis¬ 
tinct habits according to the impurity, besides the ordinary one 
which is tabular on {010}: with Fuchsin (Colour Index No. 677), 
Eosin (No. 768), and Tartrazine (No. 6401, the crystals are large 
tablets on (010) elongated on the zone axis |102] [i.e., the edge 
between (010) and (201)] ; in the presence of Neutral Red (No. 
825), as needles parallel to Z, {010} and {110} being developed 
(this obviously counts as an enhancement of {110}); with Vic¬ 
toria Blue (No. 729), Brilliant Green (No. 662), Malachite 
Green (No. 657), and Gentian Blue,t plates on {201} are formed. 
These also are elongated on tlie zone axis [102]. (P. Gaubert, 

Compt. rend,, 1931, 192, 965-967.) 

To conclude tlie Appendix, it has been thought desirable to 
present a table which might act as a guide to help anyone 
desiring to modify the habit of a crystal for some specific pur¬ 
pose. It gives the thirty-odd most powerful habit modifiers 
from the author's stock of over 400 active modifying dyes when 
tried upon the four crystals KC10:{, K2SO4, K 2 Cr 04 and NH4CIO4, 
which are neutral in aqueous solution. In the first column of 
figures we have a factor showing how many times more powerful 
than the average (of the 400-odd dyes) the specimen is. To 
illustrate, an average of 1 represents quite a useful habit changer. 
Side by side with tliese figures are furtlier data from experi¬ 
ments on two acid salts, potash alum and potassium dichroinate, 
and on one with an alkaline reaction in solution, borax. For the 
reason for the double column with K:iCr 207 , refer back to the 
description of this in the Appendix. These data cannot be 
averaged together with the main figure, as it is not known what 
changes may have been made in the configuration of the modi¬ 
fying molecule by H* or OH' ions in the solution. However, 
it is seen that the list contains many potent impurities when 
tried upon the three latter crystals. A comparison with other 
data given earlier in the Appendix will show that strong habit 

t Probably “Gentiana Blue 6B,” by ActionRescllsc'haft (No. 689). 
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TABLE 31 

List of Useful Habit-Modifying Dyes 


Times Stronger than 
Average for: 


Colour 

Index 

No. 

Name or Type 

1 imes 
Stronger 
than 

A verage 
for Four 
Neutral 
Crystals 

Two acid¬ 
reacting crystals 

One 

alkaline- 

reacting 

crystal 



Potash 

alum 

K2Cr207 
010 111 

Borax 

707 

Water Blue 3B (av. of two varieties) 

20.7 

1 

1 0 

3)4 

>0 

706 

Helvetia Blue B (av. of three varie¬ 

10.8 

0 

J 4 

3)4 

0 

511 

ties) 

Brilliant Azurine B (Bayer) 

10.0 

5H 

3 

4 

1 )4 

438 

Trypan Red (MLB) 

9.7 


2)4 


1 

814 

Chloramine Yellow CIO (Sandoz) 

9.6 


I 


IH 

353 

Pontaryl Fast Pink BL Cone, (du 
Pont) 

5.2 

3H 

H 


Strong 

306 

Fast Siilphon Black F (Sandoz) 

5.1 

IH 

3H 


V% 

315 

Naphthol Black B (Casella) 

5.1 

10 

4H 


3 

282 

Ponceau S Extra (Action) 


3 

4 


3 

184 

.\maranth (ACO) and two others 

4.8 

4 

3)4 


>0 

225 

Thiazine Red R (Badische) 

4.4 

0 

1 • 

3 

1)4 

228 

Thiazine Red G (Badische) 

3.6 

0 

1 • 

3H 


401 

Pontarnine Diazo Black BHSW 

3.5 

0 


• 

1 


1 Cone. (duPont) 

3.5 

0 


• 

1 

622 

Mikado fJolden Yellow 8G (Leon- 
hardt) 

3.3 

3H 

♦ 

1 


477 

Direct Blue 3B (Clayton Aniline) 

3.1 

1 

1)4 


1 

456 

Brilliant Congo R (Action, Bayer) 

2.7 

22 


3 

IVi 

284 

Orseilline BB 

2.6 

114 

iH 

• 

3 

475 

Eboli Blue 6B (I^onhardt) 

2.4 

1 


1 

2 

475 

Eboli Blue B (Leonhardt) 

2.3 

314 

# 


1 

406 

Chlorazol Blue B (av. of three) 

2.3 


2 


472 

Chlorazol Blue 2RS (I.C.I.) 

2.2 

Vi 

1 


>0 

621 

Chlorazol Fast Orange D (I.C.I.) 

2.0fi 

2H 

• 

IH 

IH 

402 

Diphenyl Blue Black (Geigy) 

2.06 

0 



H 

388 

Chlorazol Violet R (I.C.I.) 

1.9 

0 

3 


1 

150 

Orange 1 (St. Denis or Allied Chem. 

& Dye Corp.) 

1.8 

5 


H 

1 H 

520 

—Sky Blue A (five similar sorts) 

1.8 

3H 

IH 


1 

88 

Bordeaux B (three sorts) 

1.6 

11 

2 


>0 

313 

Brilliant Crocein 9B (Casella) 

1 . 56 

H 

# 

H 

>0 

233 

Cotton Orange R (Badische) 

1.56 

0 

IH 


1 

518 

—Sky Blue FF, etc. (four similar 
sorts) 

1.5 

11 

# 

1 

7H 

79 

Ponceau R (MLB) 

1.26 

6 

3 


1 

454 

Brilliant Purpurin R (Action) 

1.2 

5 

8)4 


2H 

79 

Scarlet Ponceau R (Levinstein) 

l.l 

7 

2)4 

4 

1)4 


Arrows for Nos. 438 and 814 indicate both 010 and 111 effect on K 2 Cr 207 ; “strong” indicates 
a strong effect of a differing type from the others. 
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modifiers on acid potassium tartrate (and the corresponding 
ammonium salt), acid potassium oxalate, KCIO 4 , KCl, KBr, 
(NH 4 ) 2 S 04 , NH 4 NO 3 , by various investigators, are all to be 
found in Table 31. Two or three in the table also have some 
effect on ammonium dihydrogen phosphate. It is not main¬ 
tained that in some particular case a habit modifier will in¬ 
fallibly be found from the contents of Table 31, but it would be 
well worth while for preliminary investigators to begin with dyes 
drawn from it. Nor should we trouble too much about their 
order of importance in the table. The author's favorites are 
Nos. 438, 315, 511, 456, 518. 




ame I]ni<dlex 


Adam, W. G., 43, 345, 548 
Adams, J. M., 86, 273. 282 
Addink, N. W. H., 252 
Alexander, J.. 373 (42), 457 (89), 503 
Aminoff, G., 318 
Anders, W.. 312 (33) 

Ander.son, P. A., 204, 276 
Andrade, E. N. da C., 82 
Andree, K., 469 
Anscbeles, J. M., 167. 245. 520 
Archer, 34 

Arkel, A. E. van, 97, 285 
Artemieff, D. N.. 130, 136 
Ashby, G. E., 412 (29) 

Badger, W. L., 62 (16) 

Baker, L. C., 56 
Balarev, D., 170, 230 
Barillet, F.. 118 
Barlow, W., 176 
Barker, T. V., 403, 404 
Barrer, R. M., 70 
Barrett, W.. 13 
Bauer, W. H., 101 
Becker, G. F., 468, 477 
Becker, J., 170 
Becker, R., 475 
Behren, \V. von, 238 
Beilby, G. T., 235 
Belaiew, N. T., 411 (26) 

Bell Telephone Laboratories, 54, 57, 
60. 66, 71 
Bensaude, A., 308 
Bentivoglio, M., 128, 140 
Bentley, W. A., 278 
Benton, A. F,, 76 


Berg, W. F., 161 
Berkeley, Earl of, 20, 23. 33 
Bernal, J. D., 282 (44) 

Berthoud, A.. 114, 149. 490 
Beiidcnt. F. S., 345, 535 
Beutell, A., 286 
Bicmuller, J.. 193 
Black. M.. 298(64) 

Block, H., 72 
Bloom, M. C., 384 
Blount, B., 428 
Boer, J. H. de. 428, 435 
Boisbaudran, Lecoq de. 109 
Bolam, T. R., 40 
Borgstrbm. L. H., 124, 517 
Born, M., 193 
Bounds, W., 64 
Bowen, N. L., 258 
Bradley, A. J., 276 
Bradley, R. S., 456, 504 
Bragg. Sir William. 242 
Brandes, H., 172, 196. 200 
Bravais, A., 122, 178 
Brewer, L., 474 

Bridgman, P. W., 18, 20, 73, 141 

Brown, F. C., 275 

Briick, L., 413 

Bruhns, W., 469 

Bruner, L., 110 

Brunowski, B., 523 

Brush Development Co., 55 

Buckley, S. N., 432 

Buehler, E., 70 

Buehrer, T. F., 40 

Buerger, M. J., 216, 226, 259, 299, 
354, 483 
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Burmeister, W., 290 
Burton, E. F., 244 
Butchart, A., 536, 549 

Canfield, R. H., 226 
Carpenter, H.C.H., 93, 270 
Castro, R., 446 
Chamberlain, K., 88 
Choisnard, A., 118 
Christensen, 57 
Christopher, J. H., 57 
Cinnamon. C. A., 80, 250 
Clayton, W., 66 
Cocker, Wesley. 545 
Comer. J. J.. 532. 536 
Corney, A. M., 6 
Cook. J. W., 300 (72) 

Coppet, L. C. de, 15 
Correns, C. W., 475 
Corwin, J. F., 69 
Crookes, Sir William, 326 
Cross, R. J., 13 
Cross, W., 503 
Curie, P., 105, 112 
Czochralski, J., 82 

Daly, R. A., 320 
Danneel, H., 49 
Daubree, M., 68 
Davey, E. P.. 453 
Davey, W. P., 75. 76, 269 
Davies, C. W.. 34 
Davis, P. P., 457 (88) 

Day, A. L., 468. 477 
Dent, B. M., 227 

Desch, C. H., 77, 112, 258, 269, 271, 
472 

Dietzel, A., 91 

Dillon, J. H., 75 

Dixit, K. R., 277 

Doelter, C., 18 

Doenitz, 470 

Donnay, J. D. H., 219 

Druce, J. G. F., 474 

Dundon, M. L., 24, 26, 31, 233 


Edwards, C. A., 94 
Egg, C., 41 
Ehrlich, F., 536 
Eichler, M., 312 (31) 

Ekstein, H., 428 
Elam, C. F., 75 
Ellisafoff, G., 110 
Emmett, H., 221 
Erdey-Gruz, T., 141, 210, 289 
Erlenmeyer, H., 474 
Ernst, E., 127, 140, 321 
Espig, H., 101 
Euler, E. von, 453 
Ewald, P. P., 119 

Fajans, K., 453 
Farkas, A., 175 
Fastert, G., 309 
Federov, E. S., 167, 245, 520 
Fells. H. A., 473 
Finch. G. I., 455 
Fincke, W., 49 
Firth. J. B., 473 
Fischvoigt. H., 96 
Fock. A.. 67, 390. 556 
FouIIon, H. von. 346 
Fowler. R. H., 282 (44) 

France, W. G., 350, 373. 457, 534, 
535. 543, 556 
Frank, F. C., 243 
Frankenheim, L.. 178. 409. 462 
Freundlich, H.. 25. 266. 445. 447 
Friedel, G., 139, 152, 158. 305, 490 
Friedman, I. I., 69 
Friend. J. A. N., 455 
Froiman, A. I., 77, 268 
Frondel, C., 349, 367, 412, 548, 556 
Fujita, B., 336 

Gardam, G. E., 290 
Garnett, C. S., 428 
Gaubert, P., 346. 350. 396, 462, 503, 
510. 511. 525, 530, 535, 536, 543, 
544, 554. 557 
Gernez, D., 265 

Gibbs, J. W., 109, 115, 118, 231, 234 
Gibbs, W. E., 66 
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Bunn, C. W., 162, 221, 243, 350, 382, 
395, 536, 551 
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Gille, F., 136 (26) 

Goldschmidt, V., 132, 311 
Gomperz, E. von, 84 
Gordon, I., 101 
Graf, L., 82 
Griffiths, H., 34, 62 
Grimm, H. C., 395 (12) 

Gross. N., 129, 312 

Gross, R., 28. 122, 131. 263. 276 

Giinther, O., 137 

Guthrie, F.. 3 

Gwathmey, A. T., 76 

Gyulai, Z., 205 

Hahn, D. A., 6 
Hahn, O., 454 
Hallimond, A. F., 13. 258 
Hammond, R. A., 290 
Harker, D., 209 
Hartley, H., 13. 18. 33 
Hartmann, R., 264 
Hasikura, K., 278 (34) 

Hatch. P. H.. 298 (64) 

Hauer. C. von. 346. 397. 544, 554 
Hazlehurst. T. H.. 474 
Healey, R. V., 502 
Hedpes. E. S., 502. 523 
Heggie, R. G., 91, 269 
Heissenberg, W., 193 
Herapath, W. B., 45 
Herlinger, E.. 242 
Herzfeld, K. F.. 307. 316 
Hettich. A., 307, 321 
Hilger Laboratories, 88 
Hilton, H.. 107 
Himmel, H., 465 
Hinshelwood, C. N., 33 
Hintze, C., 522 
Hocart, R., 413 
Hoff, J. H. van’t. 394 
Holden, A. N., 52, 57 
Holzner, J., 465 

Honess, A. P., 307, 313, 321, 329 

Hook, A. van, 503 

Horn, L., 33 

Hostetter, J. C., 51 

Howey, J. H., 276 


Hulett, G. A.. 23, 232 
Humphreys, \V. J., 278 
Hutchinson, G. A., 18 

lizima, T., 278 (33) 

Imre. L.. 454 (79) 

Ingerson, Earl. 443 
Isaac, F., 7, 162 

Jaffe. H., 345 (14), 532 
Jeffries, 34 

Jenkins, J. D.. 156, 166. 468 (13). 544 

Jerimiassen, F., 62 

Johnsen. A., 48. 122, 125. 310, 479 

Jones, A. L., 34 

Jones, B. M., 18 

Jones, J. R., 307 (12) 

Jones. M., 25 
Jones, W. J., 26 
Judd, J. W., 308 

Kiiding. H., 454 
Kaischev, R., 202 
Kalb, G.. 520 
Kalkowsky. E., 428 
Kapitza, P., 75, 80. 85. 250 
Kempter, M.. 312 (30) 

Kenngott, A., 469 
King. A. M., 267 

Kjellgren, B. R. F., 55, 345 (14), 532 
Kleber, W., 319 
Knapp, L. F., 29 
Koch, G., 470 
Kbrbs, A., 110 
Kohl, W. H., 244 
Kohlschiitter, V., 41 
Kohmann, G. T., 52. 66. 439 (56) 
Kolb, H. J., 532, 536 
Kolthoff, I. M., 248, 455 
Koref, F., 95, 285 
Korpium, K. J., 290 
Kossel, W., 142, 143, 144, 182, 228, 
237. 308, 372, 490 
Krastanov, L., 204 (35) 

Kruger, F., 49 
Kruger, W., 312 (32) 
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Kuster, F. W., 32 
Kulaszewski, C., 311 
Kuleliev, K., 204 (32) 

Kyropoulos, S., 87 

Langmuir, I., 449 

Lash, M. E., 457 (86). 534. 535 

Lassen, H., 413 

Laurie. A. P., 473 

Lea, F. M., 543 

Leblanc, M., 148, 157, 304 

Leblanc, N., 345 

Lebrun, J., 149, 161 

Lehmann. O., 7. 300, 346. 446, 470 

Lennard-Jones. J. E.. 227 

Lewis, W., 86, 273 

Liebmann, H., 107 

Liempt, J. A. M. van, 98 

Lind, L. E., 101 

Lowry, T. M., 322 

McCabe. W. L., 62 (16) 

McCrone, W. C.. 267, 301 
Mack, E.. 24. 26. 31. 233 
McKeehan, L. W.. 82, 94 
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ADP (ammonium dihycirogenphos- 
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Adsorption, activated, de Boer. 428, 
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exchange. Kolthoff, 455 
in two stages. Hahn, 454 
protective, Friend, 455 
Adsorption isotherm, France, 457 
Freundlich. 447 
Langmuir. 450 
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Adsorption layer, Brandes, 172 
Stranski. 195 
Volmer, 169 
Aggregates, 93. 245 
Alizarin molecules on artificial flu¬ 
orite, 428, 455 
heated, 428, 455 

Alkali halides, large artificial cr>'s- 
tals of, 66 . 88 
Alums, cubic habit, 64, 134 
Amethyst, 428 

Approximate parallel growths, 412 
Artificial snowflakes, Nakaya’s ap¬ 
paratus, 279 
Asterism, 410, 428, 441 
A usb veil ling, Au.sbreitungsgeschwin- 
digkeit, 122 

Ausgangskorper, 122 , 143 

Barytes-tj'pe crystals, habit changes 
in, 537, 540 

Beaks during etching, 329 
Bimolccular reaction, with growing 
ciy-stals of K 2 SO 4 , Wenk, 155 


Bimolccular reaction, with growing 
naphthalene crystals in the 
presence of collodion. Jenkins, 
156 

Birefringence, anomalous, 309 
Blue John. 428 

Boules of AGO.j (flame fusion), 100 
Bubbles in cavities related to growth 
conditions. 443 

Calcium oxalate in plant cells, 384 
Caking of crystals in bulk storage, 
prevention of. 43. 345 
Capping of crystal seeds, 59 
Cleavage as a result of impurity. 
363, 430 

Coefficient of crystallization veloc¬ 
ity, k, Berthoud, 151 
Colloid particles as .«eeds, 14. 33 
Colloidally dispersed systems, 230 
Coloring matter in fluorite, 428 
Complete {voUstdndiijc) faces, 191, 
196 

Compromise faces. John.sen, 127 
Concentration. C,>, at .saturation, 148 
Cj, at the surface, 148, 188 
C.), in bulk of solution. 148 
Concentration streams or currents, 
48. 462 

Constant temperature rotary crys¬ 
tallizer, 53, 61 
Coring. 394 
Creeping, 473 

efflorescent and mural, 475 
Cros.s-fiber veins, 472 
Crystal malformations. 385 
Cry.stal see<ls, capping of. 59 
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Crystal seeds, increase in number in 
electric fields, 14, 293 
multiplication of, on seeding, 
Miers. Jenkins, 166 
Crystal spheres, 122, 130 
Crystallization in warmed room, 56 
Curved crystals, 513 
Curved surfaces, 125, 440, 492, 516 

Dehydration figures. 228 
Dendrites. 114, 143. 200, 230, 278, 
428, 433, 441. 479 
and impurities, 213, 488. 496 
different modes in same crystal, 
498 

Miers’ view, 480 
Papapetrou’s relations, 490 
redissolving of finer limbs. 495 
Vogel’s explanation, 278, 488 
Diffusion coefficient, K, Noyes and 
Whitney, 147 

Diffusion equation. Berthoud, 150 
Friedel. 152 
Nernst. 149. 304 
Noyes and Whitney. 147 
Valeton, 152 
Diffusion layer. S. 149 
Diffusion in solids, 102, 258, 286 
Dimorphous crystals and impurities, 
383 

Dislocations, 243 

Displacement of fringes near crystal, 
162 

Double salts, stable to solution, 397 
unstable to .solution, 400 
Drusy faces, 131. 133 
Dyes and supersaturation, 38 

EDT (ethylenediamine tartrate) 
crystals, 53, 57. 61, 439 
Efflorescence, 471 

Electric charge on particles and sol¬ 
ubility, 30 

Electric fields and seed distribution, 

14 

Endkorper, 122, 131, 309 
Epitaxis, 35, 96 


Epitaxis, approximate, 412 
conditions for, 350, 402 
hourglasses and habit change, 350, 
372. 382 

and large oriented single crystals, 
90, 409 

Equivalent step (repeatable step), 
Kossel, 183 
Etch hillocks, 318, 322 
Etch pits, 317 

Etch symmetry anomalies. 329 
Etching, beaks during, 329 
Etching materials, d- and 321 
Etchings in electric field, 336 
Eutectic, 12, 256. 411 

Fibrous Epsom salt. 472 
Fibrous gypsum, 469 
Fibrous rock salt. 469 
Filled-in dendrites and opalescence. 
428 

Flame fusion proce.<5s, 98 
Fluorescence of organic dyes in rr>'s- 
tals. 431 

Fluorescing regions not hourglass 
regions, 432 

Fluorite, coloring matter in. 428 
large artificial crystals of. 77 
Fontainebleau “.«and.s(ones” or “cal- 
cites.” 445, 479 

Friction and supersolubility, 19 
Fringes, displacement of, near cr^'s- 
tal, 162 

Haidinger, in crystals, 248 
Lummer and Gehrcke, in cr>’stals, 
250 

Gallium, ov'erheating of. 261 
Glassy state, Tammann, 11, 14, 18. 
275 

Grain growth in fluorite, etc., Buer¬ 
ger, 299 

Grow'th by accretion, 92 
Growth conditions deduced from in¬ 
clusions, Ingcrson, 443 
Growth hillocks, 319 
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Growth Pressure, Becker and Day, 
etc., 468 

and building stone decay, Laurie, 
473 

Growth on seeds, by regulated cool¬ 
ing, Holden, 57 
Moore, 54 

by regulated flow, Peter Spence, 64 
Walker and Kohman, 53 

Habit modification, by dyes, 353 
different kinds on same crystal, 
362. 379, 533, 540. 541. 545, 551 
in plant cells, 384 
standards of. 354 
very strong. 356 

epitaxis and hourglasses, 350, 372, 
382 

Half-crystal (Ko.ssel), 184 
Healing of a crystal surface. 128 
Heavily tinted cr 3 \stals, 371 
Hollow hemispheres. 139 
Hopper faces. 433, 462. 465, 469, 513 
Hourglasses, 367. 415. 435 
color of, 420 

epitaxis and habit change, 350, 372. 

382 

pleochroism in, 419. 420, 422 
in ultra violet. 429 
Hypertectic, 12 

Ice, large single cr>'stals of. 87, 273 
Ideal crystals, of Li^SO., • H^O, 251 
and real crystals, symposium in 
Z. Krist., 226. 230 
of zinc. 82, 250 

Impacts and supersaturation, 19, 33 
Impurities and dimorphous crystals, 

383 

Impurity, modes of attachment of, 
Gaubert, Wenk, etc., 347 
Impurity effect, change in nature of, 
with change of concentration, 
379 

with speed of growth, 378 
Inclusion, of CO 2 in fluorite, 440 


Inclusion, of mother liquor in crys¬ 
tals. 433. 435, 440, 483 
of non-metallic compounds in 
steel, 446 

of silica, in calcite, Fontainebleau, 
445, 479 

in NaNO-j grown by Stober’s 
method, 445 

of a solid by a growing cr>’stal and 
surface tension. 445, 476 
Incomplete (unvollstandige) faces, 
191, 196. 372 
Incrustations, 412 

Innere Adsorption, Balarev. 230, 235 
Isomers and habit-modifying power, 
376 

K.G., the linear cry.stallization ve¬ 
locity, Tammann. 17, 260, 262 

Labile, 7. 9, 44. 61. 275. 480 
Largest artificial crystal in world, 64 
Light figures. 311 
Lineages, 81. 226, 466, 500 
Linear crystallization velocity, 17, 
260. 262 

of ice, Hartmann, 265 
modification by inclusions or im¬ 
purities, 17. 266, 445 
of phosphorus, Gernez. 265 
Liquid CO^ in fluorite, 44 
Lithium fluoride, large artificial crys¬ 
tals, Stockbarger, 79 
Stober, 91 

Lithium sulphate, large artificial 
crystals, Robinson, 64 

Maltese crosses, 416 
Melting point, and pressure, 18, 22, 
256 

Tammann. 72. 260 
Volmer and Schmidt, 261 
Metastable, 7, 9. 44. 61. 62. 275, 480 
Mica synthesis. Dietzel, 91 
Siemens, 92 

Migration, of barium over tungsteo. 
J. Becker, 170 
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Migration, of benzophenone over 
mica, Volmer, 170 
of silver through AggS, Beutell, 
286 

Mixed cr>'stals, in all proportions, 
389 

in certain proportions, 389, 391 
unstable, Bunn, 351 
Monomolecular layer, of Ag on Au, 
Euler. 453 

Ag occupying ^4 possible positions, 
Fajans, 453 

dye in alum in Mono possible posi¬ 
tions. France. 457 
of dye on artificial PbS and 
PbSOj. Paneth. 453 
Langmuir. 452 
two types of packing, 453 
survival of orientating forces, 455, 
504 

Mosaics. 81, 250 
in Li 2 SOj • H 2 O, 466 
in zinc, 250 

Nakaya’s classification of snowflakes, 
279 

Non-uniform {uncjleichformige) 
faces, Stranski, 196 

Opalescence in filled-in dendrite, 428 
Orientation, by substrates, 413, 455 
of single crystals, 76, 77, 269, 273, 
465 

Oslo crystallizer, 62 
Overgrowths, 96, 402 
Overheating of gallium, Volmer and 
Schmidt, 261 

Parallel growth, and large oriented 
single crystals, 90, 409 
limiting thickness of intervening 
layer, 456 

Parallel growths, 35. 96 
approximate, 412 
conditions for, 350, 402 
hourglasses and habit change, 350, 
372, 382 

Parallel layers of impurity, 416 


Percrystallization, 473 
Plant cells, grow^th of calcium ox¬ 
alate crystals in, 384 
Plastic flow of rock salt, gypsum, 
etc., 299 

Polarization of light by inclusions, 
435 

“Polaroid,” forerunner of, 45 
Potassium bromide, large crystals 
of, 88 

Power contribution of organic radi¬ 
cals to habit change, 375 
Preferred orientation, 333, 465 
Pressure, and melting point, 18, 22 
and solubility, 23 

Prevention of caking of crystals in 
bulk storage, 43, 345 

Quartz, 57, 67 

Reaction at the surface, factor k 
of Berthoud, etc., 151 
Real faces. Johnsen, 123 
Reciprocity, 149, 152. 157. 172, 304 
Refractive index of NaNOg solution 
and temperature. 8 
Repeatable (equivalent) step, Kos- 
sel. 183 

Residual valence force fields, 373 
Re-solution, 395 

Reticular den.sities, 122, 128, 136, 
178. 216. 219 
Rochelle salt. 54. 55. 56 
Rock salt, large crystals from solu¬ 
tion, 66 

Rocking tank. Brush Development 
Co., 55 

Rocking trough. Wulff-Bock, 61 
Rotating cylinder method, John¬ 
sen, 48 
Wulff, 47 

Sammelkrxstallization, Gross, 29 
Secondary structure, 225 
Selenium crystals by sublimation, 

275 

Single-crystal orientation, 76, 77, 

9«0 •VTO 


^ t 


QLLQri^ LIBRARY 



31866 


% 

r 


o 


SUBJECT INDEX 


571 


Single-crystal wires, McKeehan, 94 
Pintsch, 94, 96 
Snowflakes, artificial, 279 
classification of, 279 
Sodium nitrate, large artificial crys¬ 
tals of, 90 

Solid solutions, 91. 100, 258, 291, 394, 
425, 434. 515 
interstitial, 396 

and speed of crystallization, 395 
unstable, 395, 396 

Solubility, and particle size, 23, 233, 
270 

and pressure, 23 

and resistance to attack by sol¬ 
vents, 110 

Solubility curve, for KN 03 -H., 0 , 3 
for KNO^-LiXO^, 4 
Solution pressure. 109 
Solutions, preparation of, 2 
Specific volumes of mixed crystals. 
391 

Spherical single crystals, growth 
upon, 122, 130 
Spherulites, 501 

“Spider” for crystal-seed mounting, 
57. 59 

Spluttering onto surfaces, 413 
Standards of habit-modifying power, 
354 

Star mica. 410 
Submicrons, 238 
Supercooling. 13 
Superlattice, 304 

Supersaturation, near a crystal sur¬ 
face, Micrs, 160 
impacts and, 19. 33 
in presence of dyes, 38 
Supersolubility, by evaporation, 10 
and friction. 19 
and impacts. 19, 33 
Surface tension, and inclusions, 445. 
468, 476 

and metal cry.stals, 112, 272 
Swcn.son-Walker crystallizer, 62 
“Syncristallisation,” Gaubert, 346 
Synthetic corundum, Verneuil, 98 
Synthetic mullite, 101 


Synthetic rutile, 101 
Synthetic spinel, 100 

Thickness measurer, 136 
Thin tablets of KCIO 3 crystals, 506, 
507 

Tubular inclusions and polarization, 
435 

Twin cr>’stals, genesis of, Buerger, 
483 

Two-dimensional seeds, Brandes- 
Volmer, 173, 228 
Stranski, 202 

Undercooling, 13, 16. 256 
of metals, 18, 272 
of piperine and betol, 17 
Uniform {(jleichjurmigc) faces, 
Stranski, 196 
TTnmixing, 395. 396, 425 
U-tube crystallizer, Kriiger and 
Fincke, 49 

U-tube crystallizer, Valeton, 50 

Vacuum cooler, 62 
Vapor bubbles in inclusions, 443 
Veils in artificial crystals, 60 
Veins, cross-fiber, 472 
Velocities of growth, 107, 121, 123. 
128, 153 

on Mohs’ salt. 107. 121, 128 
Verschiebunc/sgcsch icindiokeit, 
“V.G..” 122. 144 
Vicinal faces. 111, 518 

question of rationality, 522, 523 
in zones, 141, 210 
Virtual faces, Johnsen, 123 
Virtual supersaturation, 31 

Wnchatumsgeschiuindigkcit, “W.G.,” 
122 

Widmanstatten structure, 411 
Wiederholbare Schritt, Kossel, 183, 
228 

Wulff-Bock rocking trough, 61 

Zonal growths. Barker. 403 
^U^^hengebiet, 131, 139. 143 



